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Thermal Degradation of Polystyrene. Part 11 


H. H. C. }ELX1NEK, 14 St. Stephens Avenue, London, England 


PRODUCTION OF MONOMER 

It was pointed out in Part I (1) that monomer is produced during 
degradation in quantities which are 10^ to 10^ times larger than the 
theory of random breaking predicts. 

Figure 1 shows the loss in weight, in moles of monomer per base 
mole, and also the decrease inlimiting viscosity with time, of sample 
G at 2880 and 307OC. in vacuo. The experiments on the loss in weight 
were carried out in a molecular still (see Fig. 2). (An apparatus which 
allows one to follow the loss of weight continuously will be described 
in a subsequent paper.) The still was made of Pyrex glass. It con¬ 
sists of a vessel (I) into which the condenser (II) can be inserted, the 
apparatus being made vacuum-tight by means of a ground-glass joint 
(ni)- The condenser was silvered to reduce the effect of heat rad¬ 
iation to a minimum, and cooling was achieved by an acetone-solid 
carbon dioxide mixture. A small Pyrex vessel containing the sub¬ 
stance was placed at the bottom of (I) and the still heated by means 
of a vapor bath. 

It is seen that the curves for the decrease in weight and vis¬ 
cosity (Fig. 1) show a similar behavior. When the rate of decrease 
of the limiting viscosity slows down, the rate of production of mono¬ 
mer is slowing down as well, and both come eventually to a stand¬ 
still. This behavior can be explained if one assumes that the for¬ 
mation of monomer is dependent on the rupture of the chain at a weak 
point. As soon as a link is ruptured, a number of monomer units are 
broken off the newly formed chain ends until these active chain ends 
are deactivated. 

This reaction may then be considered analogous to the poly¬ 
merization process in so far as each consists of three steps: (1) The 
initial break at a weak point whereby two active chain ends are formed 
(initiation reaction); (2) The splitting off of monomer xmits from these 
active chain ends (propagation reaction); and (3) The deactivation of 
the chain ends, thus terminating the splitting off of monomer units 
(termination reaction): 


(1) 

dc* 

dt ■ -2 

Initiation 

(2) 


Propagation 


1 



2 
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d c* 

(3)-ffF““ ItaC* Tentmitlon 

where w is the number of weak points in the system, and the con¬ 
centration of active chain ends. 



Fig. 1. Decrease of limiting 
viscosity with time and simul¬ 
taneous formation of monomers 
in vacuo - G. (1) 280®C. (2) 
507*^0. 


The order of the termination reaction cannot be decided at this 
Juncture, but, for the sake of simplicity, a first-order termination was 
chosen. 

When the stationary state is reached, one has: 


akijt * 


Hence: 




And: 


d ConoBer) _ 2 k. _ 

•It ~ k. 


The rate of monomer units produced per chain is then: 


d (Monomer) 2 k 2 


dt 


kRS 


If. 

2 KgdSt 
k.dt 


or, for one base mole of polymer: 


d (■ono«er),Qjgg _ 2k 

dt ° k. 


(cf. Part I) 


« 1 dsi 

“ Po dt 




PYROLYSIS OF POLYSTYRENE 


3 


or: 


(■ono.er)„i„ fest 


(a) 



0 


Fig, 2. Molecular still used for experiments 
on loss of velght. 


The amount of monomer in moles, obtained from one base mole of 
polymer plotted against si should, therefore, give a straight line, the 
slope of which should then give the amount of monomer in moles ob- 
tainedfrom one base mole of polymer per weak link ruptured per ori¬ 
ginal chain. 

As Figure 3 shows, straight lines are obtained for an appreci¬ 
ablepart of the reaction. The number of monomer units produced per 
active chain end can be obtained as follows: The amount of monomer 
obtained per weak link nq[>tured is 2.4 x 10~2 mole/base mole at 280<>C., 
and 1.88 x 10*^ mole/base mole at 307^0. The original chain length 
of the material is 1050 (G), hence, 1A050 mole of po^mer produces 
2.4 X 10~^ mole of monomer at 28(PC., and 1.88 x 10'^ mole of mono¬ 
mer at SOT^^C., per weak link n^tured. One can also express these 
quantities in monomer units obtained per weak link ruptured, or per 
active chain end. At 280°C., 19.7 monomerunits and, at 307°C., 12.6 
monomer units are obtained per weak link riqptured; half of these quan¬ 
tities are therefore produced per active chain end. 

Table I shows the moles of monomer produced from 1 base mole 
of material and the number of moles one would expect according to 
the theory of random breaking of bonds. It is seen that the amount of 
monomer produced is about 10^ to 10^ times larger than that required 
by theory. 

DEGRADATION OF POLYSTYRENE IN PRESENCE OF AIR 

Several e^qieriments were carried out to show the influence of 
oiqrgen on the thermal degradation of polystyrene. As mentioned pre- 
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viously, oxygen has a profound influence on the degradation, the re¬ 
action taking place at about the same rate as the one in vacuo at a 
temperature about one hundred degrees lower. The e;q)eriments were 
carried out in long open tubes containing 0.1 to 0.5 g. of substance. 
Fraction Fni, having a Ji^ T/sp/c = 9.1, was employet^the tubes were 

kept in vapor baths; they were withdrawn at definite time intervals, 
and the limiting viscosities were ascertained. The eiqierimental re¬ 
sults are represented in Figure 4, in which the limiting viscosities 
are plotted against the time in minutes. Curves suitable fora kinetic 
analysis couldnot be obtained at temperatures above 220OC. since the 
oxidation is already too violent in this region of temperatures; many 
side reactions set in and the material quickly becomes yellow and 
brown. 



Fig. Moles of monomer formed per base mole 
of polymer in dependence on number of average 
breaks per initial chain. 


TABLE I. Comparison of Amoimts of Monomer Obtained from One 
Base Mole Polymer According to the Theory of Random 
Breaking and Experiment (P^ = 1000, G) 


Average number 
breaks 
per chain 

Moles mcsnomer per base mole 
polymer 

theor. 

Exp. 

0.5 

1.50 X 10 '® 

0.8 X 10’2 

1.0 

5 

1.5 

2.0 

8 

4.0 
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Ji'lg U. Decrease of limiting viscosity with 
time during degradation in presence of air 
(Fij-j.). A indicates diffusion experiments. 

It is reasonable to assume that the first stage of the oxidation 
consists in the formation of hydroperoxide groups (cf. Farmer (la)), 
which leads eventually to chain scission. If one works out a mecha¬ 
nism on these lines and compares it with the experimental results, 
it is found that degradation in the presence of oxygen is also slowed 
down in its later stages. It is likely, therefore, that inhibitors in the 
form of antioxidants may be formed during degradation. E}q)eriments 
on the inhibition of degradation show that antioxidants are effective; 
among these is benzaldehyde, which is known to be produced during 
degradation of polystyrene in air. Table II shows a number of ex¬ 
periments on Inhibition; it may be remarked that the same class of 
substances that inhibits polymerization also inhibits degradation. 

We can assume, therefore, that inhibitors, which cause the slow¬ 
ing down of the reaction, are formed during the degradation, and a re¬ 
action scheme can be formulated as follows: 


Polystyrene + O2 
Polystyrene hydroperoxide 

i 

Chain scission 

i 

Inhibitors 

I 

Decay of inhibitors 


In support of the assumption that inhibitors are formed during 
degradation, a passage from a paper by Votinov, Kobeko, and Marey 
(2) on the depolymerization of linear polymers may be quoted. This 
paper will be discussed in more detail in a subsequent section. ‘ ‘When 
polystyrene is heated in air, oxidation takes place with formation of 
ketones of this type: 


HaC—CH,—C=^0 


R 


R 
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TABLE n. Action of Antioxidants (0.05 g. of G Heated 60 Min. at 200^^7. 

in Air; lim «/c b^ore Heating, 8.3) 
c-^o ' 


No. 

Test condition 

lim 17 /c 
c-^o 

Heating, 
time, rnln. 

1 

Small amount of beta-naphthol 

6.0 

60 

2 

Without addition 


60 

3 

Large amount of benz aldehyde 

8.1 

60 

4 

Some benzaldehyde 

7.6 

50 

5 

Without addition 

5.7 

30 


By means of distillation it was ascertained that it contained about 80% 
of monomer. The resulting depolymerized styrene monomer is poi¬ 
soned by some kinds of polymerization inhibitors, from which it can 
be freed only by very thorough cleansing. The monomer newly ob¬ 
tained by depolymerization practically does not polymerize and thick¬ 
ens a little only in the presence of very active catalysts of theorgano- 
metallic type.” 

The whole process can then be written as follows: 


(1) 

at 

Oxidation 

(2) 

(«) 

-<»[per.] . . 

dt ■ 

Peroxide decoapoaition 


(h) 

<l[per.] , , , 

--- Ic.Cper.] 

Chain scission 


(C) 

, w, 

- •k4tper.][i] 

(It 

Inhibition 

(3) 

(•) 

kaCper.J 

Porsation of inhibitot 


(b) 

- k,tx](l] 

Qt 

Decay of inhibitor 


For the Initial stages ti the reaction, when [i] is negligible, one ob¬ 
tains: 

ktt0i][n] - kaCper.] ^K([per.] 
tpet] ■ [0^3 [nj 
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Hence (2b): 


d[per.] 

dt 


dt kg+k. 


Or: 


*n >— 


k, + k 


We have, then, for a single chain: 


-ii. a' 

Po 


[Og][n)t 


where: 


■'l 


kg + kg 


[Og] 


(b) 


One obtains, therefore, a straight line for the initial stages of the re¬ 
action - which is approximately the case, as Figure 5 shows. 

As the concentration of the inhibitor increases during the course 
of the reaction, the degradation slows down imtil the concentration of 
the inhibitor becomes constant. When this stage is reached, one ob¬ 
tains a relationship: 


ki[Og][n] = kgtper.] +k,(per.) +k*[per.] [l]final 


From this, finally: 


[per.] 


kg + kg + k*[l]final 


[Og] [n] 


Hence (2b): 


d[per.] _ dwn_kgk. 


dt " dt * kg + kg + k«[l] 


[Og] [n] 


final 


or: 


*p * kgrt • k 


R "ir M 1 + b 


[n)t 


where: 


k«[l] 


final 


(kg + kg) 


or, for a single chain: 


8l 

Po 




(c) 
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Figure 5 shows that the reaction eventually slows down and gives 
the straight-line relationship required by equation c. 

The intermediate region is given by: 

dt *"*11 + f(l) 


where f(i) isafunctionof the inhibitor concentration. Forf(i) = 0,thls 
equation becomes identical with equation b, and for the later stages 
when f(i) becomes constant, with equation c. 


X I0‘« 



Fig. 5 - Degree of degradation against time 
in the presence of air. 


Log Kt is plotted against 1/T in Figure 6, the slope giving 26.2 
kcal. Kt and Kjj are also tabulated in Table HI, and Kjj is plotted a- 
gainst 1/T in Figure 6, giving 29.9 kcal. 

A question arises in this connection. It may be argued that the 
slowing down of the reaction may be due to a diffusion process. It may 
be imaginedthat oxygen dissolved in the polymer is used up during the 


TABLE in. Degradation in the Presence of Air for Fraction Fjjj 


Temperature, ®C, 

kj, min ^ 

kjj, min ^ 

220 

7.6 X 10 ‘s 

- 

210 

5.6 

2.3 X 10’® 

200 

4.0 

1.2 X 10’® 

185 

1.2 

3.7 X 10'® 
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initial stages, and that the diffusion of oi^gen then becomes the rate-de¬ 
termining step. Thatthis is notthe case was shown asfollows. First, 
a certain amount of polymer was degraded, ejqwsing only a small area 
to the air, and, second, another sample of the same polymer and of 
equal weight was degraded in the form of a film, exposing to the air 
an area about ten times larger than in the first case. The polymer 
film was obtained by evaporating a polystyrene solution in benzene. 
As Table IV and Figure 4 show, the rate of degradation is the same 
in both cases, indicating that diffusion has no influence under these 
e}q)erimental conditions. It also shows that the Pyrex glass surface 
does not act catalytically upon the reaction. Diffusion will, of course, 
become of importance in cases involving larger amounts of polymer. 



Fig. C'. Energies of activation for degradation 
in the presence of air (1) log K.^. against 1/T; 
(?) log Kj against i/t. 


TABLE IV. Diffusion Experiment for Fraction Fjjj in air at 200°C. 


tf min. 

lim 7 ^/c 

c-^o 

film 

lim Tj/c 

c-^o 

bulk 

0 

9.1 

9.1 

10 

7.9 

7.7 

50 

6.6 

6.6 

60 

6.0 

- 

70 

- 

5.8 


ELEMENTARY STEPS 

Farmer and co-workers (la) have recently demonstrated, in vari¬ 
ous investigations, that the first step in the oxidation of olefinic hydro- 
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carbons consists in the formation of hydroperoxide groups at the alpha> 
methylenic bond, thus: 

H ;)-OH 

-C-CH-CH- + 0.--CH=CH- 

H H 

Subsequent reactions lead either to chain scission or to destruction of 
the hydroperoxide groups without rupturing the main chain (e.g., for¬ 
mation of hydroxyl groups). 

The corresponding reactive points in polystyrene are the alpha- 
carbon atoms, the first step in the oxidation of polystyrene being de¬ 
picted as follows: 


p-Hi 



11 I l| 

CaH, H CeHe H| 


(e) 


Some of these hydroperoxide groups will then bring about chain scis¬ 
sion, with the formation of keto and hydroxyl groups: 




(f) 


Other hydroperoxide groups will undergo secondary changes which 
will not lead to chain scission. 

It is interesting to compare in this connection the conclusions 
reached by Jackson and Forsyth (3) in their investigation of the power 
factor of polythene heated in the presence of oxygen. They conclude 
that the initial attachment of oxygen to polythene consists in hydroj^l 
or hydroperoxide groups. The presence of such groups has been es¬ 
tablished in the case of oxidized polythene. These groups give rise 
to chain scission and also to cross lii^ng depending upon the amounts 
of oxygen present. 

Inhibitors may be formed by breaking off these oxidized chain 
ends and forming, for example, benzaldehyde, - which was actually 
found by Staudinger (compare also Votinov, Kobeko, and Marey men¬ 
tioned above) in degraded products, and which was shown in a prev¬ 
ious section to have a retarding influence on the degradation: 
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H 

I 

C 

I 



H 0 

I : I 
c—c 

A • I 


H 





(g) 


(h) 


The inhibitors formed during degradation in the presence of 
oxygen will retard the reaction by destroying the peroxides, which 
must have a life time long enough to permit the inhibiting molecule 
to come into contact with them. The inhibitor itself may be oxidized 
to a peroxide which can then react with the peroxide at the polystyrene 
chain, leading to destruction of both these peroxide groups. Alterna¬ 
tively, the inhibitor may become a peroxide by reacting with the poly¬ 
styrene peroxide, and then these groups may destroy each other. Com¬ 
pare, in this connection, Dufraisse and co-workers (4). 
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Synopsis 

The production of monomer during degradation of polystyrene 
in vacuo below 310°C. has been investigated. A mechanism has been 
proposed which e}q)latns the dependence of monomer formation on the 
initial breaks in the chain. The degradation in presence of oxygen 
has been studied. A mechanism for this reaction has been proposed 
which accounts for the type of curves obtained experimentsdly. The 
role of antioxidants has been briefly indicated. The elementary steps 
for the degradation in vacuo and in the presence of oi^rgen have been 
discussed. 


Risum^ 

La production de monomdre au cours de la degradation du po- 
lystyrol sous vide i une temperature inferieure k SIO*’ a ete etudiee. 
Un micanisme est presente pour e:q>liquer ladependance dela for¬ 
mation de monorngre aux depens des ruptures preiiminaires dans la 
chaSne. La degradation en presence d’oxyglne a ete etudiee. Pour 
cette reaction egaiement, un mecanisme est propose pour rendre 
compte des courbes obtenues e}q)erimentalement. Le rdle des antioxy- 
dantsestbridvement decrit. Les etapes eiementaires de degradation 
sous vide et en presence d’oxygSne sont discutees. 

Zusammenfassung 

Es wird die Bildung des Monomers von Polystyrol im VakUum 
unterhalb 310°C. untersucht. Es wird ein Mechanismus vorgeschlagen, 
der die Monomerbildung mitprim'aremKettenabbruchverbindet. Ab- 
bau inGegenwartvonSauerstoff wirdstudieit undein Reaktionsmech- 
anismus vorgeschlagen, der die experimentellen Kurven deutet. Die 
Rolle von Antioxydationsmitteln wird kurz erwiihnt. Die Elementar- 
reaktionen fur Vakuum - und Sauerstoffabbau werden diskutiert. 
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Part I dealt with the degradation of polystyrene in vacuo at tem¬ 
peratures below 340°C. (1). It was pointed out that amounts of mono¬ 
mer 103 to 104 times larger than those ei^ected from the theory of 
random breaking of links were produced. 

It was thought desirable to present a more detailed elucidation 
of the formation of monomer and to extend the investigations to higher 
temperatures, at which this reaction is predominant. An apparatus 
which allows the production of monomer to be followed continuously 
has been constructed for this purpose. A discussion of the experi¬ 
mental results, and an attempt to outline the mechanism of degra¬ 
dation for this range of temperatures, will be given below. 

Apparatus 

The apparatus used is shown in Figure 1. A quartz spring (1) 
consisting of 5 coils, each of 2-cm. diameter, is connected to a Pyrex 
ground-glass stopper by means of a quartz Pyrex seal (2). The di¬ 
ameter of the quartz is about 1 mm. A straight quartz beam 1 mm. 
thick and 54 cm. long is sealed to the spring. This arrangement fits 
into the Pyrex apparatus shown in Figure 1. It consists of a bulb of 
14-cm. diameter to which 4 side tubes are sealed. An electric fur¬ 
nace of 1.8-cm. inner diameter, 3-cm. outer diameter, and 3-cm. 
height (Duralumin), is fixed to the iron rod (4), separated by a piece 
of asbestos stone (5) for heat insulation from the iron rod (6). This 
rod fits into the glass tube (7), which is sealed to the male ground- 
glass joint (3). The furnace leads are soldered to tungsten wires (8), 
which are sealed through the glass. The temperature of the furnace 
can be regulated by the rheostat (9). An ammeter is included in the 
circuit. The temperature in the furnace is measured a Chromel- 
Alumel thermocouple placed inside the furnace as invested in the 
diagram. The thermocouple leads (10) are soldered to tungsten wires 
sealed throi^h the glass. The junctions between the tungsten wires 
and the potentiometer leads are kept in ice. The platinum or glass 
reaction vessel (11) (diameter 1 cm., height 1 cm., weight about 0.25 
g.) is introduced through the side tiibe (12) and fixed by means of a 
platinum wire hook into a notch in the quartz beam. The side tube is 
then closed by a condenser (13). The bottom of the condenser is 5 cm. 
from the top of the furnace-a distance that is small compared with the 
mean free path of molecules the size of monostyrene in a vacuum of 
10"® to 10“® mm. Hg. A cooling mixture of solid carbon dioxide and 
acetone is employed in the condenser. The tube (14) leads to a three- 
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ducing a calibrated thermocouple through the side tube (13) into the 
furnace, the apparatus being closed and evacuated. 

The spring was calibrated by placing weights into the reaction 
vessel as follows: 


Weight in reaction vessel 

Division on scale in 
eyepiece of telescope 

20 mg. 

. 0 

10 mg. 

.38 

0 mg. 

.75 

1 mg.'^ 3.75 divisions 


This shows that Hooke's law is obeyed over this range of weights. 

Next, the empty reaction vessel was placed on the beam in order 
to ascertain if any heat effects influence the measurements. The ves¬ 
sel was arrested, and the furnace covered by the silvered glass disk. 
The apparatus was evacuated, the furnace heated to SSO^^C., and the 
vessel lowered into it. An uncertainty, though small, arises at the 
beginning of the readings because the beam oscillates for two or three 
minutes, but the mean of the oscillations can be taken without difficulty. 
The results are given in Table I, which also shows the constancy of 
the temperature. 


TABLE I. Blank Experiments (Empty Platinum Vessel). (1 mg.~5.7 
divisions) 


t, min. 

Divisions 

Temperature, 

°C. 

t, min. 

Divisions 

Temperature, 

"C. 

0 

23.5 

391.0 

14 

22.5 

581.5 

1 

25.5 

388.5 

19 

22.0 

580.0 

2 

25.0 

586.0 

25 

22.0 

581.5 

5 

25.5 

383.5 

27 

22.0 

381.5 

5 

25.0 

581.5 

55 

22.0 

581.5 

7 

25.0 

380.0 

42 

22.0 

381.5 

9 

25.0 

381.5 

60 

22.0 

381.5 


Measurements were next carried out in which the vessel con¬ 
tained about 20 mg. polystyrene. The reaction vessel was weighed 
before and after the e;q)eriments. The number of divisions divided 
by the weight in milligrams of evaporated substance then gives the 
number of divisions per milligram. The mean of 19 experiments gave 
3.7 divisions per milligram. Since half of one division can be esti¬ 
mated, the loss of weight can be ascertained to 0.14 mg. 

The sensitivity of the instrument could be increased by fixing 
a mirror at the end of the quartz beam and observing the spot of light 
on a scale. This procedure of magnification is limited, however, by 
the magnitude of vibrations set up in the apparatus by outside influ¬ 
ences. 
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E3qi)eriineiital Results 

The e]q[>erimental results are giyen in Figures 2-5, in which the 
percentage in grains of monomer produced (moles per base mole are 
obtained by dividing by 100) is plotted against the time in minutes. The 
unfractionatedmaterial, designated G rj/c » 8.4), and Sfraction- 

ated samples obtained from it (Fy 17 /c = 4.1; Fjjj^^ rj/c = 9j 

Fq •q/c s 16) were investigated. 



Fig. 2 . Formation of monomer dur¬ 
ing degradation (fraction 



Fig. 4 . Formation of monomer dur¬ 
ing degradation (fraction F^). 



Fig. Formation of monomer dur¬ 
ing degradation (fraction • 



Fig. 5. Formation of monomer dur¬ 
ing degradation (unfractionated 
san^le G). 
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All 4 samples give the same characteristic carves. Avery rapid 
formation of monomer occurs at the beginning, and then slows down, 
giving rise to an apparent standstill of the reaction, which extends over 
half an hour at lower temperatures. The reaction becomes accelerated 
again following a straight-line course over a wide range; it finally 
slows down as the material becomes exhausted. That range of the re> 
action which follows a straight line — or, in other words, is of zero 
order — can be e;q)ressed as follows: 

(where n is the amount of monomer produced in grams and kexptl. 
a rate constant)'or in its integrated form: 

( 2 ) 

The experimental rate constants are given in Table II. 


TABIE II. Rate Constants in Grams per Second (100 g. Initial 
Substance) and in Moles of Monomer Per Second Per 
Base Mole (Platinum Vessel) 


Temp., 
®C. 

g./sec. 

mole/sec. 

g./sec. 

mole/ sec. 

398 

6.6 X 10 ® 

6.6 X lO*'* 

4.84 X 10*2 

4.84 X 10*-* 

380 

2.82 X 10-2 

2.82 X 10 

2.14 X 10*2 

2.14 X lO*-* 

364 

1.10 X lO’* 

1.10 X 10** 

8.31 X 10*3 

8.31 X 10*® 

348 

4.56 X 10 ® 

4.56 X 10 ® 

5.47 X 10*® 

3.47 X 10*® 


^III 

F 

^II 


g./ sec. 

mole/sec. 

g./sec. 

mole/sec. 

398 

4.07 X 10*2 

4.07 X lO*'* 

3.47 X 10*2 

3.47 X lO** 

380 

1.72 X 10*2 

1.72 X lO*-* 

1.59 X 10*^ 

1.59 X lO** 

364 

6.6 X 10 ® 

6.6 X 10 ® 

6.02 X 10*® 

6.02 X 10*® 

348 

2.88 X 10*® 

2.88 X 10*5 

3.16 X 10*® 

3.16 X 10*® 
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Log is plotted against 1/T in Figure Gin order to obtain 

the energy of activation of the process. It is seen that the points for 
each fraction and the unfractionated material lie on parallel stralfl^ 
lines, the rates decreasing with increasing chain lenses of the frac¬ 
tions. The derived energy of activation amounts to-44.7 kcal. Equa¬ 
tions of the form k » A e**^/^*^ g/sec. (initial material 100 g.) are 
set out below. 

(k in mole/sec./base mole are obtained by dividing by 100). 


G: 

iiB n/c = 8.4 
€•♦0 

Fy: 

lim r\/c - 4.1 
c-^o 


lim r\/c = 9.0 
c-**o 

hv 

11m T]/c *16.0 
c-*o 


''exptl. 

’'exptl. 

’'exptl. 

''exptl. 


IqIS.SO X e-44700/RT 
j0l3.19 X g-iATOOm 
I 0 I 3 .I 2 X e-44700/RT 
JOI 3 .O 9 X e-<<700/RT 


Discussion of Experimental Results 
A mechanism capable of accounting for the e:q>erimental re¬ 
sults is that in which monomer units are split off successively from 
the chain ends. The number of chain ends will therefore be constant 
for a large part of the reaction. This mechanism was worked out by 
Simha,but a somewhat different and simplified derivation of our oam 
will be given here. The assumption is that: 

+ -leg = *^"»ion (3) 

dt ^ dt 

where n~ number of broken links, njjjQ,j~ number of monomer split 
off, and g'^' number of chain ends in the polymer sample. 

The number of chain ends remains constant over a large part 
of the reaction; hence: 

"ion ■ “ “ 

which yields a zero-order reaction, where kg = 1 ^,^ ^.] The number of 
chains originally present is g/2. If s isthe avera^ number of broken 
links per chain, then: 


g/2-s = n 

hence: 

g/2-s « kgt 

or: 

s » 2kt ( 5 ) 

The number of broken links per chain is independent of the chain 
length for this mechanism. 
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Fig. 6. Energy of activation for the process 
of formation of monomer from polystyrene. 


The number-average chain length is, as always, given by: 


s + 1 


or, in this case: 


p 

" 2kt + 1 

The e;q)ressionfor the weight-average chain length of the residual poly¬ 
mer will be approximately given by: 

P,* Po - 2 kta^ Po - S 

If one deals with 1 base mole of monomer,or 1 /Pq moles of poly¬ 
mer, equation 4 becomes: 


D-nn «-i-2 kt (8a) 

“■on • ^ A Ik V 

hence: 

“^expU. - 4* 

^0 

One can thus find, with the help of equation 8b, the relative origi¬ 
nal chain length; or, if the chain length of one homogeneous sample 
is known (e.g.,by osmotic measurements),one can find the degree of 
polymerization of another sample, since: 

“iODj •’ou i^ezptl.j 

‘‘■ODjj **0j •'exptl.jj 
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One can also determine the number-average chain length of an unfrac¬ 
tionated sample by comparing its rate of monomer production with a 
fractionated sample of known chain lei^h. 

That the number-average chain length is involved, might be es¬ 
tablished through considerations which treat the same question from 
a somewhat different angle. Consider a chain of length b and one of 
length 2b. Then, assuming equal amounts in grams or base moles, 
b will have (2x2)/2 as many chain ends as 2b. Hence: 


"mon ,b 

, kg^t ^ k„pti. b ^ 


’’inon,2b 

*^exptl.,2b 


for b and 3b: 

’^exptl. ,b 3 , 

'^exptl..3b 2 


for b and d (d > b): 

‘'exptl-.b . fl 

*^exptl.,d 2 b 

(9) 


If, for instance, d is known, b can be calculated. The determination 
of such a relative number-average chain length would proceed as fol¬ 
lows. A fraction of the sample, as homogeneous as possible, would 
be prepared, and then its intrinsic viscosity determined. In the case 
of a fractionated sample, the weight-average chain length is equal 
(for all practical purposes) to the number-average chain length. Then, 
the rate constant for degradation of this fraction would be determined 
at a suitable temperature and also the rate constant for an equal a- 
mount in grams of the unfractionated material. The ratio of the two 
rate constants will be equal (to a good approximation) to the recip¬ 
rocal ratio of the chain lengths (number-average for the unfraction¬ 
ated one) of the samples. If one does not know the actual chain length 
of the fractionated material, the result can be expressed in viscosity 
units: e.g., the intrinsic viscosity of the fraction may be “a" the ratio 
found, “c”, andthe number-average chain length in intrinsic viscosity 
units of the unfractionated material, “b”. The number-average chain 
length of the fractionated material is then a/b = c times as large asthe 
unfractionated one. The interpretation of the decrease in reaction 
velocity with increasing chain length can now be readily achieved. One 
must first examine the mechanism of degradation as a whole. The 
rapid degradation that takes place during the first few minutes is due 
to the breaking of weak links with subsequent splitting off of monomer 
units. Now, if one makes the reasonable assumption that the number 
of weak points in an original chain is proportional to its chain length, 
then, in samples of different chain length but of the same amount in 
grams (or base moles), there will be an equal number of weak links. 
Hence, if all the weak links are nq>tured, as will be the case when the 
reaction slows down or begins to come into the range of zero order, 
a fractionated sample of definite chain length will then have 2x + 2 
chain ends per original chain, where x is the number of weak links in 
the chain. Now, a fractionated sample of half the chain length, taking 
the same amount in grams, will have double the number of original 
chains, i.e., two chains for each chain of the previous one. The number 
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of chain ends for the two small chains will therefore be 2x + 2 + 2; 
that is to say, in the second smaller fraction, there are; 

2« 2 * 2 . X ♦ 2 
2x + 2 X + 1 

as many chain ends as in the first one. If the ratio of the original chain 
lengths of two fractions is, say “b”/“d” (where “d” > “b”)»onehas: 



X + 1 


times as many chain ends in ‘ ‘b” as in “d” after breaking all weak links, 
X being the number of weak links in an original chain length 'M”. 

For two fractions of chain lengths “d” and “b” (“d” > “b”),tak¬ 
ing equal amounts, the following relationship exists: 

X + d/b ''exptl.,b 

“ >•> 

This equation allows the calculation of the original number of weak 
links in the chain of length “d”, although not, of course,in an accurate 
manner. Since it has been assumed that the number of weak links is 
proportional to the original chain length, the number of weak links for 
the original chains of the other fractions is also known. Table m shows 
the number of weak links for the fractions obtained in this way. 


TABIE III 


Fraction 

limrjf c 

C—*'0 

— - 1.56 

= 1.19 

^'lll _ 
^IT 

I.l4 

From de* 
crease of 
lim. vise. 

F 

V 

k.i 

1.84~ ? 

2.46 ~ 2 

1.14 ~ 

1 

5 

F 

III 

9 

4.1'^ 4 

5.4 ~ 5 

2 6 ^ 

5 

5 


16 

7.2 ^ 7 

9.6~ 10 

4.6 ~ 

5 

9 


2k 

— 11 

- 15 

— 

8 

15 


The number of weak links assumed on the basis of the e^qperi- 
ments on the decrease of the limiting viscosities are given for com¬ 
parison, and agree quite well with those obtained by loss of weight 
measurements. 

It may be observed in Figure 5 that unfractionated material G 
does not fall into line with the fractionated samples. G has an intrin¬ 
sic viscosity of 8.4, and its log k vs. 1/T curve should lie between 
Fy and Fm. This behavior can be explained partly as follows. As 
was shown above, the rate constants are governed by the number-aver¬ 
age chain length (number of chain ends), but the intrinsic viscosity 
represents a weight-average chain length. The actual distribution of 
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G gives a ratio of P^/Pn ^ i>68, giving a number-average of about 5, 
which shouldcause the line forG to lieclose to the one forFy. How¬ 
ever, there still remains a large discrepancy that cannot beeiqplained 
satisfactorily at present. (It might be that there are some impuri¬ 
ties accelerating the degradation present in the unfractionated ma¬ 
terial which are removed on fractionation.) 

Decrease of Limiting Viscosity during Degradation 
at 363^0. in vacuo 

A few experiments were performed at 363^C. in vacuo using 
Fjjj to see if the decrease in the limiting viscosity is in accordance 
with the mechanism proposed here. These experiments were carried 
out by interrupting the degradation at various stages and measuring 
the limiting viscosities of the samples. 

One would expect, according to equation 7, a straight-line re¬ 
lationship between the intrinsic viscosities and time starting with a 
homogeneous sample. The present case is somewhat more compli¬ 
cated, since, at the beginning of the reaction, degradation is caused 
by the rupture of the chains at the weak points, and the material is 
no longer homogeneous once the splitting oU of the monomer starts. 
Nevertheless, a straight-line relationship is obtained, as Figure 7 
shows. The values obtained are given in Table IV. 


TABLE 17. Decrease of Limiting Viscosities at 563° C. in vacuo for 


t, min. 

Loss, gram per cent 

lim 7f/c 
c*o 

P 

0 

0 

9.1 

1140 

10 

5.5 

5.75 

720 

22 


5.90 

690 

50 

8.9 

k.6 

575 

60 

2k 

k.O 

500 

90 

32.6 

3.3 

412 


The rate constant for the reaction can be obtained using equation 
7. The limiting viscosities were converted into chain lengths 1^ 
using the same Staudinger constant, 8 x lO"^, as Part I. A value of 
k = 2.26 X 10"2 sec."^ was found, which gives Pq = 590, a value very 
close to that obtained at the end of the induction period. 

By using equadion 8b, ke 3 q)tl. can be calculated. A value of 
^jqjtl. ~ '^•86 X10"® mole/sec./base mole obtained in this way com¬ 
pares favorably with the constant found from the previous loss-of- 
weight experiments at this temperature: Kemti = 6.6 xl0"5 mole/ 
sec./base mole. ^ 

It is opportune to discuss at this point a paper by Kobeko (2) and 
co-workers. These authors present a theoretical derivation of dis¬ 
tributions obtained by degradation of a sample possessing a definite 
initial distribution, assuming random breaking of links. From the 
distribution functions derived in this way they also obtain the ex preg- 
sion for the amount of monomer produced during degradation, and, 
from this, an e3q>ressionfor the percentage U of material not degraded 



PYROLYSIS OF POLYSTYRENE AND POLYETHYLENE, m 23 


to the monomer. The values obtained theoretically for U agree quite 
well with those obtained experimentally. Polymethyl methacrylate 
and polystyrene (Pq = 4000) were investigated, the latter under nitro¬ 
gen and in the presence of atmospheric oi^gen. 



TIME, min. 

Fig. 7. Decrease of limiting viscosity of 
fraction F^^^ during degradation at 565°C in vacuo. 

The eiq)erimental technique employed in the presence of nitro¬ 
gen-great care was taken to exclude oxygen-consisted in placing 300 
to 400 g. finely crushed substance in a retort, condensing the mono¬ 
mer vapor, and collecting it in a cylindrical measure. This method 
seems to be rather crude compared with that employed in this work. 

The value given by these workers for the energy of activation, 
derived from 3 e:q)eriments in an atmosphere of nitrogen (300, 375, 
and 400OC.), is -34,000 cal; in air (200, 250, and 300OC.), -10,000 
cals. 

Unforttmately, these authors did not carry out any viscosity 
measurements, or they would have noticed that the theory of random 
breaking of links is not at all compatible with the experimental re¬ 
sults. An example may illustrate this; A sample of chain length Pq - 
1000 may be degraded to such an extent that the amount of monomer 
produced is 25% of the original material. This corresponds to a de¬ 
gree of degradation (alpha) of 0.5, according to the random theory of 
breaking links. Table V shows the weight distribution for this case. 

It clearly follows that the average chain length of the residual 
material cannot be larger than 10. This resiilt will now be compared 
with those obtained experimentally. In Table IV, the decrease of the 
limiting viscosities and the simultaneous loss in weight were given 
for sample at 363°C. in vacuo. The initial viscosity is 9.1, corre¬ 
sponding to ^initial chain length of Pg = 1140. After 60 minutes, 25% 
of the original material is transformed into monomer, but the limit¬ 
ing viscosity of the residual material is 4.0, or its chain length, 500. 
These results show very clearly indeed how incompatible the theory 
of random breaking is with the experimental results. 

The two e3q;>erimental runs at 3750 and 400° carried out in nitro- 
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gen by Kobekoand co-workers (2) actually, giye when evaluated in the 
manner described in this work, an energy of activation of about -40 
kcal., which is in reasonable agreement with the value of -44.7 kcal. 
obtained by our method. 


TABIiE V. Distribution of Chain lengths when P = 1000, a » 0.5. 

1 g. Initial Material; m = Weight, in Grams of Chains 
of Length P ^ 


p 


m 

P 

500 

5.8 

X lO"^-*® 

100 

1.8 

X 10'®® 

20 

1.0 

X 10'® 

10 

4.8 

X 10‘® 

5 

7.9 

X 10‘® 

2 

2.5 

X 10"i 

1 

2.5 

X 10'^ 


Influence of Platinum Surface on Degradation 
A few comparative runs were carried oxd in a Pyrex and plati¬ 
num reaction vessel at 312^C. in order to find out if the platinum sur¬ 
face Influences the degradation. 

As Table VI shows, there is a marked effect - the reaction being 
slowed down in the platinum vessel. 


TABLE VI. Loss of Weight and Decrease of Limiting Viscosity in 

Pyrex Glass and Platinum Vessels at 312^C. for G. (Ini¬ 
tial substance about 20 mg.) 


t, min. 

Weight loss. 

gram per cent 

Limiting, viscosity 


Pyrex 

Pt 

Pyrex 

Pt 

0 

0 

0 

8.4 

8.4 

30 

4.1 

2.9 

6.6 

6.5 

60 

6.l^ 

2.6 

5.5 

6.4 

100 

7.6 

1^.6 

5.1 

6.5 


This behavior can be accounted for by assuming that the re¬ 
action, which leads to a decomposition of the oj^gen groups without 
rupturingthe polymer chains, is catalytically favored at a Pt surface. 


Elementary Steps 

The chain ends present in the material are the original chain 
ends and those produced by ng>turing chains at the weak points. We 
do not know the nature of the end groups in polystyrene but it is not 
unlikely that either double bonds or methyl groiq>s are present at the 
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end of a polystyrene chain. The end of a chain produced by rupture 
at a weak point and subsequent splitting off of monomer units has, ac¬ 
cording to the mechanism proposed in Part I, a double bond. Thus one 
has mainly to deal with end groups as follows: 


c=c 


These will become activated, the reaction leading to the formation of 
a monomer unit: 

X " V 

H H H H '' H H H H H H 

1111*1 II I II 

c-c-c-c-c-c -► c-c-c—c + c-c 

I I I I I I till II 

ipHcpHipH (pHipH <PH 

Conclusions 

The mechanism suggested accounts satisfactorily for the appar¬ 
ent zero order of the reaction, the dependence of the rate of degra¬ 
dation on the chain length, and the dependence of the decrease of the 
limiting viscosity on time. It allows the number of weak points in a 
chain to be estimated, these estimated numbers comparing favorably 
with those assumed on the basis of the e:!q>eriments discussed in Part 
I. The influence of the Pt surface on degradation can be considered 
as another argiunent in favor of the assumption that oxygen groups are 
present in the polystyrene chain. 

DEGRADATION OF POLY-ALPHA-METHYLSTYRENE IN VACUO 

A sample of poly-alpha-methylstyrene of about 70,000 molecu¬ 
lar weight was degraded in the apparatus described above in order to 
investigate the influence the methyl group exerts on the stability of 
the polymer. Theamoxmts of siibstance employed in each experiment 
were about 20 mg. It was observed at once that the rate of production 
of monomer is very much faster than the rate for the ordinary poly¬ 
styrene. The e:q)erimental curves are presented in Figure 8, where 
the percentage of monomer produced is plotted against the time in 
minutes. The e]q)erlments were carried out over a range of temp- 
eraturesfrom 280° to 363°C. It will be observed that the curves show 
characteristic differences from those of polystyrene. They show a 
linear portion up to about 30% monomer production, varying some¬ 
what with temperature; the reaction then slows down, and is acceler¬ 
ated in its later stages, - only one of the curves showing an exception. 

Rate constants have been derived for the initial straight portion 
of the curves, or, in other words, the range for which the reaction 
seems to be apparent of zero order. These constants are given in 
Table VH. 

The energy of activation can be obtained for this range of tem¬ 
peratures by plotting log Rvalues against 1/T (Fig. 9). Since the rate 
constants stray somewhat, the straight line has been drawn by the 
method of least squares. The point for the lowest temperature (281°) 
seems particularly far off the line; since it was observed that near 
this temperature the substance goes into the fluid state, this point 
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could not be considered reliable and was therefore excluded from the 
calculations. The energy of activation found for the process amounts 
to -45.1kcal., andthe initial reaction is given by an Arrhenius equation 
as follows: 

K • 1.58 X 10^® (g./lOO g.) 

This energy of activation is very similar to that found for poly- 



Fig. 9. Energy of activation for the degrada¬ 
tion of poly-alpha-methylstyrene. 





PYROLYSIS OF POLYSTYRENE AND POLYETHYLENE. HI 27 


styrene (-44.7 cal.); the higher rate of degradation is due to the higher 
A factor. Since the rate constants stray somewhat, it is difficult to 
decide if this difference in the A factor is significant; an energy of 
activation of about 5% less than that given above would give an A fac¬ 
tor of the same magnitude as the one for polystyrene (10^^). More- 


over, all the rate constants contain the number of chain ends in the 
system, that is, they are dependent on chain length, and, if poly-alpha¬ 
methylstyrene may be assumed to be branched, on the number of these 
branches. 

TABLE VII Degradation of Poly-alpha-methyictyreno in vacuo 

Temperature, 

K, g./sec /lOO g. 

K, mole/sec./base mole 

565 

0.795 

7.97 X lo"''* 

563 

O.88I4 

8 8U X 10’=3 

522 

0.619 

6.19 X 10'^ 

515 

O.O33I* 

3.34 X lO"'* 

31?. 5 

0.0198 

1.98 X 10*^ 

302.5 

0 015? 

1.52 X 10'*^ 

288.5 

0.00655 

6.55 X 10 ^ 

288 

0.00559 

3 59 X 10 ‘^ 

281 

0.00159 

1.59 X lO'^ 


It is difficult to say anything definite about the mechanism of 
the reaction. The initial part of the reaction, yielding straight lines 
up to about 30%, can be accounted for by assuming that monomer breaks 
off the chain ends in a manner similar to that found for polystyrene. 
The slowing down of the reaction can either be due to using up of the 
branches or to inhibitors. There is also a possibility that the slowing 
down is due to some kind of net structure of the polymer, the more 
mobile chain ends being used up first. The peculiar acceleration of the 
reaction in its later stages does not seem to be compatible with a mere 
using up of branches; the reaction should in that case go on at a re¬ 
duced speed and give a straight line. This may be illustrated by a 
brief discussion of the degradation of a branched chain. 

Degradation of a Branched Chain 

^ The chain length ofthemain chainis Po,andthat of the branches, 
Pq. Each chain has, on the average, "a” branches. Monomers are split 
oH successively from the main chain ends and from the branch ends. 
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During the first stages of the degradation, the total amount of the chain 
ends may be considered constant. One has: 

« -kg 
n » -kgt 

if mg s number of main chains at t = 0, then: 

•■o * kt«o(2+a) 

where s = number of links ruptured on the average per original chain. 
Hence: 

S - kt(2+a) 


Starting with one base mole of polymer or 1/ (Pq + sPq) moles of 
polymer, one has: 


“■on 


1 2 + a 

Po + aPo ® * **0 * “‘‘o 


( 11 ) 


As soon as the branches are used up the rate of monomer production 
will fall off, and equation 11 becomes: 


2 

“■on * Pq + ap^ 

An example may illustrate this. We have a polymer with character¬ 
istics as follows: Pg = 600; P^ = 30; and a = 10. The initial rate con¬ 
stant may be 1.32 x 10"’ mole/sec./^ase mole. Then: 

„ 2 + a .4-1 

■^exptl. = ^p. K = 1.32 X 10 sec. 

After about 33% (Fig. 10) of the material has been transformed into 



TIME, mm. 


Fig. 10. Degradation of a 'branched polymer. 


monomer, the branches will be used iq>, and the rate constant will be 
given by: 

aP^ x K = 2.2 X lo'^sec.-^ 

DEGRADATION OF CROSS LINKED POLYSTYRENE IN VACUO AT 

3640C. 

A number of experiments were performed in order to stu^y the 
effect of cross links on degradation. 
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The samples were polystyrenes polymerized in the presence of 
various amounts of m-divinylbenzene. Some were polymerized in the 
presence of benzoyl peroxide. The samples were first dried in high 
vacuum at about 2000C. for 30 to 60 minutes to remove the residual 
monomer (about 5%). The experimental results are given in Figure 
11, where, again, the percentage of monomer produced is plotted a- 
g^nst the time in minutes. 



Fig. 11. Degradation of cross-linked polystyrene 
(m-divinylbenzeno) in vacuo. 


The samples containing 0.5 and 0.2% m-dlvinylbenzenehave very long 
induction periods (140 and 44 minutes, respectively); during this in¬ 
duction period the substance does not melt, but at the end of this time 
interval it begins to sinter and eventually melts. This behavior gives 
the impression that the net structure of the polymer has to be broken 
down first, and, that when this is achieved, the polymer goes over 
into the fluid state, the chain ends then having sufficient thermal mo¬ 
bility to split off monomers. The samples with lower content of m-di¬ 
vinylbenzene (0.05 and 0.005%) alrea^ melt below 200OC. and show 
only short induction periods. Samples polymerized in the presence 
of benzoyl peroxide as catalyst are not as stable as the correspond¬ 
ing samples prepared without catalyst. The induction period is con¬ 
siderably shortened (34 minutes, compared with 140 minutes for the 
0.5% m-divinylbenzene). It is premature to attempt any e}q>lanation 
for the instability of the catalyzed polymerizates, but it may well be 
that peroxide fragments which facilitate the breakdown of the net 
structure are incorporated into the polymer. The rate constants for 
the samples derived from the part of the reaction that is of zero order 
are comprised in Table VUI. 

It might be possible to characterize cross-linked polystyrene 
by means of the induction period, the latter being a function of the per¬ 
centage of m-divinylbenzene present. By studying one specific sample 
at different temperatures, the energy of activation for breaking cross 
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could be obtained. It is reasonable to assume that almost all 
the cross links are broken at the end of the induction period. If at a 


TABLE VIII Bate Constants of Cross-linked Polystyrene Polymerized 
in the Presence of m-Divinylbenzene. Data Derived 
from using Zero-Order Part of Reaction at 364®C. in . 
vacuo Using Platinum Vessel 


Cone., of meta-D.V.B.y ^ 

K, g./lOO g./sec. 

K, g./base mole/sec. 

0.005 

1.35 X 10 '® 

1.3 X lO"'* 

0.05 

7.57 X 10 "3 

7.27 X 10 "S 

0.2 

4.82 X ID'S 

4 63 X 10 *’’ 

0.5 

3.16 X 10‘® 

3.04 X lO"’’ 


temperature an induction period of t][ minutes is observed, and, at 
1 * 2 , one of t 2 minutes, then: 

ti/tj ' ka/ki 


where k^ and k 2 are the relevant reaction-rate constants for breaking 
cross links. The energy of activation for the process can then be de¬ 
rived by plotting log k against I/T. 

DEGRADATION OF POLYETHYLENE IN VACUO 

Samples of polyethylene were also degraded in the apparatus 
described above, the main object being to ascertain the energy of ac¬ 
tivation for the process. It was thought that a comparison of the en¬ 
ergy of activation with the values obtained for polystyrene might throw 
some light on the influence of different substituents in the polymer 
chain on the stability of the C-C links. 

The samples were luifractionated and had different average mol¬ 
ecular weights. They contained 0.1% Monoxol (grade 2 average mol¬ 
ecular weight 23,000; grade 20''^ average molecular weight, 16,000; 
grade 200'^^ average molecular weight 11,000). 

To get the polymer in the molten state, the samples were kept 
at about 200°C. for one hour in vacuo before being heated to temper¬ 
atures at which degradation occurs. 

The e^qierimental results are shown in Figures 12-14 where, 
again, the percentage of eva^rated substance is plotted against the 
time in minutes. It is seen that the curves are linear over quite a 
considerable range of the degradation, the reaction slowing down in 
the later stages. Some of the curves show rapid degradation in the 
very beginning of the reaction, as in the case of polystyrene, but, since 
no viscosity measurements have been carried out, comment as to the 
nature of this rapid degradation cannot be made. 

The results show that polythene is more heat resistant than poly - 
styrene and poly-alpha-methylstyrene, which is to be e^qiected because 
the presence of phenyl and methyl groups in the chain will weaken the 
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Fig. 12 . Degradation of polythene, Fig. 13 . Degradation of polythene, 
Grade 2 , average molecular weight Grade 20 , average molecular weight 
23,000 16 , 000 



Fig. 1 ^^. Degradation of polythene. Grade 200 , 
average molecular weight 11 , 000 . 

the C-C links. The rate constants for the part of the degradation that 
is of zero order for the various samples and temperatures is given 
in Table IX. 

The energy of activation for the process was obtained by plot¬ 
ting log k against 1/T (Fig. 15). One significant difference from poly¬ 
styrene emerges clearly; the energy of activation of polyethylene is 
dependent on chain length, decreasing with decreasing chain length; 


Grade 

Av. mol. wt. 

E, kcal. 

2 


66.1 

20 

16,000 

52.6 

200 

11,000 

46.0 


The energy of activation for polystyrene is 44.7 kcal. and is indepen 
dent of chain length. 
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TABIS5 H. Degradation of Polythene ("Alkathene") in vacuo 


Grade 2 (mol. 

wt, 23 , 000 ) 

Ten^jerature, 

“C. 

K, g./lOO g./ sec. 

k36 

0.0304 

k22 

0.0080 

393. 

0.00153 

375 

0,00018 

Grade 20 (mol. 

vt. 16,000) 

412 

0.0124 

403 

0.0081 

388.6 

0.0059 

377 

0.0015 

376 

0.0012 

Grade 200 (mol 

. vt. 11,000) 

426 

0.0208 

420.5 

0.0169 

4l0 

0.0097 

393 

0.0045 

374.5 

0 0017 


The rate constants (in g./lOO/sec.) can be represented by Ar¬ 
rhenius equations as follows: 

Grade 2 K, « 

Grade 20 K,o “ lol^'®e"52800/RT 

Grade 200 K,oo ' loi2'84e**®®®®/®^ 

Multiplying by the average initial chain length P^, and dividing by 100, 
one obtains (to moles per mole polymer per second): 

Po 822 K, • 5.2 X iol9e‘®®l®®/®T 

Po 571 K,o * 3.8 X iol5e-52600/RT 

Po 393 Kaoo • 1.8 x 

It is also of interest to eiqiress the rate constants by the sta¬ 
tistical eiqiression: 


= JiLgAS/R e-AH/RT 
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The entropies of activation obtained in this way are as follows: 


Grade 

/S/B 

AS, cal./degree 

2 

3.7 X 10? 

+30.2 

20 

2.6 X lO'* 

+11.1 

200 


+ 2.3 


The term e ^S/R corresponds to the probability factor P in the Ar¬ 
rhenius equation. 

It is clear that the theory of random breaking is not applicable 
to the degradation of polyethylene, since, for instance, the residue 
still consists of polymer after a loss of weight of 40%. But the mecha¬ 
nism by which monomer breaks off, one segment after another, from 
the chain ends also seems incompatible with the experimental results. 

A mechanism that could account for the observed ejqierimental 
results is one in which the first or last monomer unit is broken off the 
chain; as soon as this has happened, the whole chain degrades com¬ 
pletely by breaking off monomer units in rapid succession. The ki¬ 
netics of such a mechanism is, briefly, as follows. The rate of de¬ 
crease of chain ends is; 


hence; 

or: 

since; 

or: 

one obtains: 


-de/dt = kg 

g = 

ln(g/go) = -kt 


B go'g 
Po -= n 


mon 


g = go - 


2n 


mon 


2n 


■on. . 




) = -kt 


In (1 - 
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For one mole of polymer, or 
becomes: 

In 


2 moles of chain ends, the expression 

(1 - = -kt (12) 

Po 


The ejqierimental results have been evaluated according to equation 
12, straight lines being obtained by plotting log (1 - [nmon/Po] ) 
gainst t in minutes. The energies of activation are the same as those 
obtained before. The rate constants (per second) given by the Ar¬ 
rhenius equations are: 


Grade 

2 

Po 

822 

Kq 

= 6.65 

X 

jol3e-66000/RT 

Grade 

20 

Po 

571 

K 20 

= 1.18 

X 

jolOe-52600/RT 

Grade 

200 

Po 

393 

K200 

= 8.35 

X 

107e*45600/RT 


The mechanism outlined above represents well the e:q)erimental 
data and removes the difficulty arising from the dependence of the 
energy of activation on chain length. But viscosity measurements at 
various stages during the degradation will have to decide the correct¬ 
ness of the proposed mechanism. 
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Synopsis 

An apparatus has been constructed which enables one to follow 
continuously the formation of monomer during degradation in vacuum. 
Experimental results are presented on the degradation of fractionated 
and unfractionated polystyrene over a range of temperatures from 
340-400‘^C. in vacuum. A mechanism has been proposed which ac¬ 
counts satisfactorily for the apparent zero-order reaction and for the 
dependence of the rate of degradation on chain length. This mech¬ 
anism allows one to estimate relative number average molecular 
weights and the number of weak points per original chain. The in¬ 
fluence of a platinum surface on degradation has been indicated. The 
degradation of poly-alpha-methylstyrene has been Investigated over 
a range of temperatures from 281 to 363°C. in vacuum. The mech¬ 
anism of the degradation of branched polymer chains has been dis¬ 
cussed. The degradation of cross-linked polystyrene containing var- 
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ious amount of m-divinylbenzene has been studied at 364°C. in vacuum. 
The reaction shows long induction periods depending on the amount of 
m-divinylbenzene and on the presence of benzoyl peroxide during poly¬ 
merization. The degradation of polyethylene shows this polymer to 
be more heat resistant than polystyrene. Various grades of different 
average molecular weight have been investigated over a range of 
temperatures from 375 to 436*^C. in vacuum. The energy of activa¬ 
tion has been found dependent on chain length. A mechanism has 
been suggested to account for the observed eiqierimental results. 

Resum§ 

Un appareil permettant de suivre de fa 90 n continue la forma¬ 
tion de monomere au cours de la degradation a §t6 construit. Les 
resultats experimentaux se rapportent a la degradation d’echantillons 
de polystyrols fractionn^s et bruts dans un intervalle de temperature 
de 340° a 400° C. sous vide. Un m§canisme est present^, en accord 
avec une reaction d’un ordre apparent zero, et en accord avec la de- 
pendance de la vitesse de degradation des longueurs de chalne. Ce 
mecanisme permet revaluation des repartitions des poids molecu- 
laires, et du nombre de points faibles dans chaque chaine initiate. 
L’influence d’une surface de platine sur la degradation est indiquee. 
Ladigradationdupoly-alpha-methylstyrola ite 6tudiee sous vide sur 
un intervalle de temperature de 281 a 363°C.; le mecanisme de de¬ 
gradation de polymers ramifies est discut6. La degradation du 
polystyrol, pont6 (‘‘cross linked*') par des quantites variables de m- 
divinylbenzene, a §t6 etudiSe a 364°C. sous vide. La reaction pre- 
sente de longues p€riodes d'induction, qui sont fonction, a la fois, de 
laquantite de m-divinylbenzene present, et de la presence deperoxyde 
de benzoyle durant lapolymerisation. La degradation du polyethylene 
manifeste une resistance thermique plus elevee que celle du poly¬ 
styrol. Des echantillons de differents poids moieculaires ont ete 
etudies sous vide dans un intervalle de temperature de 375 I. 436°C. 
L'energie d’activation est fonction dela longueur de chaine. Un me¬ 
canisme est suggere pour interpreter les resultats experimentaux 
obtenus. 


Zusammenfassung 

Es wird eine Apparatur entwickelt, die die kontinuierliche Ver- 
folgung derBildung vonMonomeren w^rendAbbaureaktionen im Va- 
kuum ermoglicht. Experimentelle Resultate werden gegeben fiir den 
Abbauvonfraktioniertem und nicht-fraktioniertem Polystyrol uber ein 
Temperaturberreich von 340 bis 400°C. im Vakuum. Es wird ein 
Mechanismus vorgeschlagen, der die scheinbare O-teOrder-Reaktion 
hinreichenderklart imd der die Abhangigkeit des Abbaugrades von der 
Kettenl^ge erklart. Dieser Mechanismus gestattet, das relative 
Zahlendurchschnittsmolekulargewicht und die Zahl der schwachen 
Punkte der Originalkette zu berechnen. Der Einfluss einer Platin- 
oberflkche auf den Abbau wird gezeigt. Es wird der Abbau von Poly- 
alpha-methylstyrol iiberein Temperaturbereichvon 281° bis 363° im 
Vakuumuntersucht. Es wirdder Mechanismus des Abbaues von ver- 
zweigten Polymerketten diskutiert. Der Abbau von vernetzten Poly- 
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styrolen, die einen varlierenden Betrag von Metadiviiqrlbenzol enthal- 
ten, wirdbei364<>C. imVakuum studiert. Diese Reaktion zeigt eine 
lange Induktionsperiode, die von dem Betrag des vorhandenen Meta- 
dlvinylbenzols und von derGegenwartvon Benzoylperoxyd wahrend 
der Polymerisation bestimmt wird. Der Abbau von PolyStlgrlen zeigt, 
dass (tteses Polymer hitzebestandiger als Polystyrol ist. Es werden 
verschiedene Proben von verschiedenem Durchschnitts-Molekular- 
gewlcht fiber ein Temperatufbereich von 375*^ bis 436° im Vakunm 
untersuclit. Es wird gefunden, dass die Aktivierungsenergie von der 
Kettenlknge abhkngig ist. Es wird ein Reaktionsmechanismus vor- 
geschlagen, der die Eiqimrimente erkl&rt. 
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Application of Infrared Anaylsis to Elucidate the Mech¬ 
anism of the Boron Trifluoride Catalyzed Vapor Phase 
Polymerization of Isobutene at Room Temperature 

F. S. DAINTON and G. B. B. M. SUTHERLAND, Laboratory of 
Physical Chemistry and Department of Colloid Science, Cambridge, England 


The polymerization of isobutene gas catalyzed by boron tri¬ 
fluoride (BF.) at room temperatures probably proceeds by a mecha¬ 
nism closely related to that of the low-temperature reaction cata¬ 
lyzed by Friedel-Craft type catalysts, such as BF,, SnCL, AlCL, etc. 
Both reactions require acocatalyst and Evans^ Meadows, andPolsmyi (1) 
have shown that the vapor-phase reaction at room temperature is he¬ 
terogeneous, occurring at the surface of crystallites of the BF 3 -C 0 - 
catalyst complex. Several modes of action of the catalyst can be pos¬ 
tulated ( 2 ), but the most likely, in view of the fact that the cocatalyst 
(denoted \s^ ROH) usually contains a hydroxyl group, is that proposed 
^ Polanyi and others (3), in which the initiation step is the surrender 
of a proton by the complex (written as BF 3 .ROH)to a molecule of iso¬ 
butene. Since the stability of carbonium ions increases with the num¬ 
ber of all^l groups that are attached to the positively charged carbon 
atom (4) the more likely of the two modes of addition (equation la and 
lb below) is that resulting in the formation of the trimethyl carbonium 
ion, i.e., reaction la. 


BFj.ROH + (CHs)*C>CHj -► BFs.RO" + (CH3)3C‘^ (la) 

or 

+ (CHslaCH-CHa (lb) 


The finished polymer is known to have a head-to-tail structure, and 
if we assume the cation of equation la to be the initiating center, the 
propagation reaction is written as the charge transfer process; 


( ?• 
(CHi),C-ICH*--C 


+ (CH,),C-CH8 


CH, 'J 


/ CTt 
(CH,),C—ICH*—C 
' CHs 


( 2 ) 

J+1 


Termination of such reaction chains requires charge neutralization 
and therefore involves the anionic fragment (BF 3 .RO') of the com¬ 
plex. It may occur either by proton eiqiulsion from the growing chain, 
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as inequations 3a and 3b, or by addition oithe anionic fragment of the 
cocatalyst (RO~) as in reaction 4. 

/ C31,\* / CMb\ CHs 

(CH9)aO-{cH2-C ) + BFs.RO'-*-BFs.ROH + (CHs) 30 - CHi-C |-CHj-C-CHj 


I 

CHa'J+l 


CHa/j 


CH, 


(3a) 


CHa 
I 

(CHa)9C—|CHa-C 
I 


CHa 
I 

+ (CHa)aC-|CH4-C l-CH-C 
CHg f J CHg 

CHg 


(3b) 


+ BFg.RO'—►BFg + (CH3)3C- CHj-C -CHj-C-OR 


CHg/m 


CHg/j 


CHa 


(4) 


If the initiation reaction is equation la the finished polymer 
should contain the end group (CH 3 ) 3 C-. Further, if proton expulsion 
is the termination process the polymer will contain an olefinic link¬ 
age, which will be either: 

CHj (3a) or ^C—CH—c (3b) 


depending on whether the expulsion takes place from a methyl (-CH 3 ) 
or methylene (-CH 2 ) group. On the other hand, if reaction 4 is oc¬ 
curring, the final polymer will not be unsaturated and will contain the 
C-O-R group. Determination of the structure of the end groups will 
therefore provide unambiguous evidence concerning the reaction mech¬ 
anism. Moreover, if the cocatalyst is deuterated, the evidence can be 
extended. For example, if D 2 O is used as cocatalyst, the polymer 
should contain the end groups -CH 2 D, corresponding to reaction la, 
or (CH 3 ) 2 CD, corresponding to reaction lb. If reaction 4 is the termi¬ 
nation step the C-O-D group will be present but no H 2 O or HOD will 
be formed, whereas, if reaction 3a or 3b occur to the exclusion of re¬ 
action 4, the C-O-D group will be absent and the cocatalyst may be 
e:q)ected to change progressively as the reaction proceeds from 
D-O-^HOD-H-O. 

Although^chemical tests for unsaturation might reveal the pre¬ 
sence of an olefinic linkage in the polymer, the complete character¬ 
ization of this and other linkages by chemical means would be both 
tedious and imcertain. It therefore seemed preferable to employ a 
rapid physical method, namely, the measurement of the Infrared ab¬ 
sorption spectrum of the polymer and catalyst-cocatalyst complex in 
the wave length range of 2-14 ft. To obtain relatively strong absorp¬ 
tion by the end groups it is desirable to use polymers of as low a chain 
length as possible. The polymer from the vapor phase reaction at room 
temperature, which can be made with an average degree of polymer¬ 
ization of about 10, was therefore employed. The fact that this poly¬ 
mer is a liquid is also advantageous. 

The infrared spectra of pure liquid hydrocarbons of molecu- 
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lar formulas (C 4 Hg )3 and (C4H8)4 have been measured by Kletz and 
Price (5) and used by these authors to establish the structural formu¬ 
las. While such compounds may be regarded formally as trimer and 
tetramer respectively, of butene, they are not prepared from polymer¬ 
izations of isobutene, but the (C 4 H 8)4 is formed from the dimerization 
of di-isobutene ((CH 3 ) 3 C-CH 2 -C(-CH 3 )=CH 2 ), and the (C4H8)3 is said 
to arise from a dismutation reaction between (C4H8)2 and (C 4 H 8 ) 4 . 
Steric hindrance prevents di-isobutene from polymerization beyond 
the dimeric stage. These tri- and tetramers of butene do not contain 
the head-to-tail structure characteristic of the products of polymer¬ 
ization of isobutene. Furthermore the vapor pressure of these pro¬ 
ducts would probably have been measurable at the temperature of our 
experiments (6), whereas our products had no detectable vapor pres¬ 
sure. We therefore conclude that the dodecene and hexadecene studied 
by these authors are not present in our polymer. 

PREPARATION OF THE POLYMER 

23 mm. of BF 3 gas was condensed from a given volume into a 
spherical Pyrex reaction vessel of about 100-ml. capacity provided 
with a draining tube. 5 mm. of D 2 O vapor was condensed from the 
same space into the samevessel. The low-temperature bath was then 
removed and the vessel allowed to warm up to room temperature 
(26°C.). Pure, dry isobutene gas was then allowed to leak continuously 
into the reaction vessel, to an extent corresponding to a pressure of 
about 2500 mm. During this operation droplets of polymer appeared, 
grew, and sometimes coalesced on the vessel walls, and then drained 
into the sump. Some of the catalyst-cocatalyst complex was carried 
down with the polymer, giving rise to some turbidity, much of which 
cleared on standing. This product had no detectable vapor pressure, 
but was nevertheless pumped out at room temperature, for several 
hours, to remove all possible traces of any monomeric isobutene, be¬ 
fore being used for analysis. (We are greatly indebted to Mr. K. E. 
Russell for supplying the isobutene and BF 3 gases and lor consider¬ 
able help.) 


MEASUREMENT OF THE SPECTRA 

The spectra shown in Figure 1 were obtained on a Standard 
Perkin Elmer Model 12B inf rared spectrometer fitted with a rock-salt 
prism. A layer of liquid polymer 0.076-mm. thick was suitable for 
the majority of the bands between 7 and 14^ (B). At shorter wave 
lengths, two other thicknesses were used to bring out bands of vary¬ 
ing intensity, the thicker layer (A) being 0.70 mm., the thinner one 
(C) being a capillary layer of the order of 0.01 mm. (We are grate¬ 
ful to Mr. H. C. Wheately for running the spectra.) 

DISCUSSION 

In the spectrum of polyisobutene samples of high average mol¬ 
ecular weight, bands due to the end groups are normally unobservable. 
In the spectrum of the low-molecular polymer considered here, the 
end groups should give bands of comparable intensity to those arising 
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Figure 1 


from the main polymer chain. Thus the bands due to the end groups 
may be easily identified as those not occurring in the generally ac¬ 
cepted spectrum of polyisobutene (7). Two prominent bands of this 
type occur at 6.09 and 11.1 fi . The former is due to a CsiC valency 
vibration and the latter to an out-of-plane vibration of the hydrogen 
atoms in a ^;>C=CH 2 group (7,8). The absence of these bands from 
the spectrum of the polyisobutene of high molecular weight, and their 
presence in our polymer proves that the chain-termination reaction 
3a is occurring. On the other hand, unsaturation of the type: 


X 

y 


z 




H 


postulated in equation 3b might be e^qpected to give rise to a band at 
about 12ft (7). There is a weak band at 12.24 fi , which could be due 
to such groupings, but its weak intensity means that such end groups, 
if present at all, are very Infrequent compared with those formed in 
reaction 3a. Further evidence against the presence of the equation 3b 
end group is that no sign of any absorption has been detected at 5.97 
corresponding to the stretching vibration of a C=C link of this type (9). 

The second outstanding difference between the spectra of the 
high- and low-molecular polyisobutene polymers is the presence in 
the latter of a pair of bands at 8.00 and8.38/x , which are known to be 
characteristic of a -C(CH 3)3 group at the end of a hydrocarbon chain 
(10). This band is absent from the spectrum of the high polymer, which 
instead exhibits a single band at 8.2/i . Thus the mechanism of initi¬ 
ation (equation la) is confirmed. The absence of bands at 8.8 and 8.55 
ft , which are to be associated with terminal isopropyl groups (10), 
suggests that reaction lb is not responsible for the initiation of many 
of the reaction chains. 

The foregoing conclusions concerning the presence of the: 

-C(CH .)3 and CCH 2 

end groups are based on intense bands and well-established corre¬ 
lations backed by theoretical calculations. Certain other conclusions 
can be drawn which for the time being should be regarded as carrying 
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less weight since they are based either on weak bands or less well- 
established correlations. For example, since reaction la occurs, the 
end grouping is to be expected when D^O is used as 

cocatalyst, and tneX-Dbandin this group might give'^a weak band 
near 4.6/i . Two weak bands are found in (A) at 4.58 and 4.68/i . 
Either or both of these may be C-D stretching frequencies. If the lat¬ 
ter turns out to be the case, then the alternative mechanism lb may 
be occurring occasionally. This point requires further investigation. 
The presence of weak bands at2.98and 3.13/i indicates that OHgroups 
are present in which the H atoms are hydrogen bonded. These are to 
be expected as the D^O of the complex is converted to HOD and H.O 
in successive cycles of reaction. There are also very weak bands'^at 
4.14 and 4.34/x , which may well be due to OD groups with theD atoms 
‘ ‘deuterium bonded. ’' These may be due to a small fraction of cocata¬ 
lyst molecules originally present, which have not been required to 
initiate chains, and have not therefore undergone any isotopic ex¬ 
change. That such a fraction of unchanged cocatalyst molecules ex¬ 
ists, although the number of polymer molecules formedfor each mole¬ 
cule of cocatalyst present is very large (about 50), is entirely con¬ 
sistent with the catalyst regeneration implicit in the occurrence of re¬ 
action 3a. If reaction 4 takesplace some cocatalyst will be destroyed, 
buta!so C-OD and C-OH groups should occasionally be present. Since 
such groups present in other tertiary alcohols give an intense band 
at 8.7/t and a weak band is found in this neighborhood we cannot, at 
this stage, completely exclude the possibility of reaction 4 occurring 
to a very limited extent. Further investigation using longer path 
lengths would enable us to be more precise on this point. 

Both the firm and the tentative conclusions mentioned in the 
preceding paragraphs substantiate the mechanism for this reaction 
put forwardby Polanyi andco-workers (3) and exclude those (2) which 
do not ascribe the catalytic action to the acidic (i.e., proton donating) 
power of the catalyst-cocatalyst complex. 

The above results and conclusions have been put on record to 
indicate the potentialities of the infrared method in the elucidation of 
problems of the mechanism of polymerization. Another example is 
the detection* of terminal hydroxyl groups in the products of poly¬ 
merization of nitriles in aqueous solution initiated!^ hydroxyl radi¬ 
cals made either by photodissociation of hydrogen peroxide, or by the 
action of x- or alpha-rays on water (11). The results on this are still 
incomplete, and will be published later together with further investi¬ 
gations along these lines. 
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Synopsis 

Measurement of the infrared absorption spectrum of the low- 
molecular liquid polymer formed at room temperature from gaseous 
isobutene using BF 3 as a catalyst and D 2 O as a cocatalyst indicates 
that the dominant end groups in the final polymer are (CH 3 ) 3 C and 
-CH„-C=CH„, and that the cocatalyst D„0 undergoes partial conver- 
^ CHg ^ ^ 

sion to HgO during reaction. These results substantiate the mech¬ 
anism advanced by Polanyi and others, namely: (a) initiation through 
formation of the trimethyl carbonium ion by acceptance by isobutene 
of a proton (or deuteron) from the catalyst-cocatalyst complex, and 
(b) termination by expulsion of a proton from a methyl group to the 
anionic complex fragment, with corresponding catalyst regeneration, 
i.e.; 

-CH^-C^(CHa)7 + BFtOD' --CHp-C(CHg):CHj + BFg.HOD 


Resum§ 

Les auteurs ont mesure le spectre d’absorption infra-rouge du 
polymere liquide, de poids moleculaire peu eleve, obtenu a tempe¬ 
rature de chambre au depart d’isobutene, en presence de BFgcomme 
catalyseur, et D 2 O comme cocatalyseur. Ces mesures indiquent que 
les groupes terminaux dominant dans le polymere final repondent aux 
formules (CHj) 2 C et -CH 2 - 9 =CH 2 ; d’autre part, elles indiquent que 

CHg 
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le cocatalyseur 0,0 se transforme partiellement en H-O au cours de 
la reaction. Ces resultats appuient le raecanisme propose par Polanyi 
et autres, savior (a) une initiation de la reaction par formation d’ion 
trimethylcarbonium, par addition a 1'isobutene d’un proton (ou deu- 
teron), provenant du complexecatalyseur-cocatalyseur,et (b) la ter- 
minaison dechaine par e}q)ulsion d’un proton d’un groupemethy levers 
un fragment anioniquecomplexe.avec regeneration ducatalyseurcor- 
respondant, c.a.d.: 

*~'CH2-C'^(CH,)2 + BF,.OD‘ —► *««'CH2-C(CHa):CH2 + BFg.HOD 
Zusammenfasstmg 

Messungen der infraroten Absorptionsspektra der niedrig mole- 
kularen fluessigen Polymeren, die bei Raumtemperatur aus gasfoer- 
migen Isobutylen unter Benutzung von BFg als Katalysator und D^O 
als Kokatalysatot gebildet wurden, zeigtfdass die dominierenden 
Endgruppen im Endpolymer (CHgl^C und -CH 2 -C=CH 2 sind und dass 

CH3 

der KokatalysatorjDftO einer teilweisen Umlagerung zuWasserwae- 
hrend der Reaktion unterliegt, Diese Resultate bestaetigen den Reak- 
tions verlauf, der von Polanyi und anderen vorgeschlagen wurde,na- 
emlich (a) Startreaktiondurch Bildung desTrimethyl-Carboniumions 
durch Aufnahme eines Protons oderDeuterons an Isobutylen von dem 
Katalysator-Kokatalysator-Komplex,und (b) Endreaktion durch Aus- 
stossung eines Protons von der Methylgruppe zum anionischen Kom- 
plexbruchstueck, unter Regenierung des Katalysators, zum Beispiel: 

— CH2-C^(CH3)2 + BFa.OD' -► -«~CH2-C(CH3).CH2 + BFg.HOD 
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INTRODUCTION 


Pepsin is readily inactivated by heat or by ultraviolet light (1). 
That the rate of destruction by light follows the “monomolecular” 
course was shown by Hussey and Thompson (2), Northrop (3), and 
Gates (1). Pincussenand Uehara (4), Hussey and Thompson (2), Col¬ 
lier and Wasteneys (5), and Northrop (3) noted a pronounced effect 
of hydrogen ion activity on the rate of pepsin inactivation by ultra¬ 
violet radiation. They placed thepH of optimum rate at 1.4,1.15,1.9, 
and about 2.0, respectively. The inactivation of pepsin by light has also 
been reported by Calvin (6) Girl (7), and Burge, Fischer, and Neill (8). 
An historical account of these studies may be found elsewhere (9). 

It has been claimed that the number of tyrosine groups in pepsin 
accessible to iodination increases with the addition of urea although 
the activity was not thought to decline with this increased accessibili¬ 
ty (10). Modification of tyrosyl residues results in loss of activity 
(11). If the former is true, the increased accessibility of tyrosine 
any screening effect of chromophoric groups about the vital tyrosine 
residues and the quantum yield would expectedly be higher in the pres¬ 
ence of urea (12). This has been investigated. 

For the inactivation of pepsin. Gates believed that there is a 
direct correspondence between the inactivation spectrum and the ab¬ 
sorption spectrum. He gives a misleading value of unity for the quan¬ 
tum yield whereas, by calculation from Gates’ data, Landen has shown 
that lower values are obtained which are not constant with wavelength 
(13). Interpolating from the calcxilations of Landen, one sees that 
0.00036 is more consistent with the data of Gates at 2537 A. than is 
unity (14). Unfortunately the data of Gates is not self-consistent and 
it seemed, therefore, worthwhile to establish the quantum yield for 
pepsin at 2537 A. as a function of pH with hemoglobin (used by Gates), 
at pH 2.01, casein was also used as a substrate. 


*From the Master oi Science Thesis of S. Pearson, Polytechnic to' 
stitute of Brooklyn, June, 1948. 
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EXPERIMENTAL 

Pepsin. Crystalline pepsin, containing magnesium sulfate,* 
was obtained from the Plant Research Laboratories, Lehn & Fink 
Products Corporation. These producers state that the crystalline 
enzyme was prepared from pepsin (U.S.P. XI) (from the stomachs 
of swine) and was free of any other enzymes. The sample was free 
of nitrogen-containing impurities and was 47.9% pepsin calculated on 
the basis of 15.4% nitrogen (15) in pure pepsin.** 

Pepsin stock solutions were prepared from 0.1 M sodium acetate 
solvent containing either acetic acid or hydrochloric acid to obtain the 
desired pH. A Beckman glass electrode pH meter was used through¬ 
out for measuring hydrogen ion activities of the pepsin solutions. 
Enzyme solutions of pH values less than 5 were stable for several 
days if kept at 5()C. Solutions of pH 5.5 and higher were used within 
three hours after preparation, since such solutions undergo inactiva¬ 
tion on standing (16-19). 

Hemoglobin Substrate and Activity Curves 

The hemoglobin substrate (20) was prepared by whipping fresh 
beef blood until no additional clot formed. The mixture was filtered 
through gauze and the filtrate was centrifuged. The supernatant liq¬ 
uid was removed by suction and to the residue was added an equal vol¬ 
ume of 1% aqueous sodium chloride. After inverting the mixture sev¬ 
eral times and centrifuging, the supernatant liquid was again removed. 
The hemoglobin was dialyzed in a 3/4-inch diameter du Pont cellophane 
tubing for 24 hours, frozen, and stored in the frozen state. A sub¬ 
strate solution was prepared for each experiment by diluting 40 parts 
of a 2.5% hemoglobin solution withlO parts of 0.3 N hydrochloric acid. 
The substrate solution was always used within one hour of preparation. 

For the activity curves of crystalline pepsin, a series of dil¬ 
utions was prepared of the stock solutions using 0.01 N HCl. 1 ml. of 
each diluted solution was then added to 5 ml. hemoglobin substrate and 
digested at 24.1*^C. After 10 minutes the enzyme was undigested pro¬ 
tein were precipitated by adding 10 ml. 0.3 Ntrichloroacetic acid and 
centrifuging. The products of the digestion in the supernatant liquid 
were then reacted with the phenol reagent of Folin andCiocalteau(21) 
and determined according to the method of Anson (20) with one change. 
The use of a Klett-Summerson photoelectric colorimeter, in conjunc¬ 
tion with a No. 66 filter transmitting 6400 - 7000 A. light, in the col¬ 
orimetric determination of split products obviated the need for the ad¬ 
dition of tyrosine to the blanks as recommended by Anson. An example 
of this procedure is given in Table I. The calculated concentrations 
were obtained by dividing the colorimeter reading of the diluted sol¬ 
utions by that of the most concentrated solution, and multiplying this 
fraction by the concentration of the standard solution. The discrepancy 
is of the order of 5%. 


*Theterm “crystalline pepsin” means pepsin plus magnesium sul¬ 
fate in this paper. 

**Nitrogen was determined by the micro-Kjeldahl method, courtesy 
of Mr. A. Heisler. 
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TABIE I. Variation Of Pepsin Activity On Hemoglobin With Enzyme 
Concentration 


Concentration of 
crystalline pepsin, in(%/inl. 

Colorimeter 

reading?: 

Calculated 

concentration 

1.35 

235 

-. 

1.00 

178 

1.01 

o.8o 

14? 

0.8? 

O.C'.'f 

11? 

0.64 

0.55 

57.2 

0.52 

0.15 

?J(.l 

0.14 


Casein Activity Curve 

The method used was essentially that used by Kunitz (22) to 
measure trypsin activity, with a minor modification. Pepsin is in¬ 
active in alkaline media, so casein was dissolved in approximately 
M/15 phosphoric acid. Pepsin solutions were allowed to digest the 
casein at 370C.for 30 min. at pH 2.01. Dilutions of standard crystal¬ 
line pepsin solutions were prepared as described above. 1 ml. of each 
dilution was used to digest 1 ml. of the casein substrate of a constant 
but arbitrary concentration. After digestion and precipitation with 
trichloroacetic acid, the mixture was kept at room temperature for at 
least two hours, centrifuged, and decanted. The density of the super¬ 
natant liquid was measured at 2800 A. with a Beckman spectrophoto¬ 
meter. 


Irradiation Methods 

An Hanovia Sc-2537 mercury resonance lamp* was employed. 
The lamp was made from a fused quartz tube 28 cm. long between 
electrodes and bent at two right angles 10 cm. from the electrodes. 
The U-shaped arc was mounted in a horizontal position, the radiation 
from the short, straight portion being used. In order to be able to 
vary the solution to arc distance, the arc was mounted on a movable 
frame; the frame in turn was attached to a sliding rail which could be 
moved toward or away from the solutions. A luminous sign trans- 
former** having a secondary coil rated at 5000 volts and 60 milli- 
amperes activated the lamp. 

At a distance of 3.5 cm. from the lamp a fused quartz cell*** 
of 1-cm. depth and 26-mm. inside diameter was mounted in a4.2-cm. 
block, drilled to fit, and also mounted on a sliding rail. The quartz 
cell was equipped with two arms, each 6-mm. inside diameter, at an 
angle of 45° with each other. Through one arm passed a fused quartz 
stirrer, driven at 150 r.p.m. by a toy motor, **** and prepared by 
twisting the flattened end of a 3-mm. diameter fused quartz rod. From 
the other arm, samples of irradiated enzyme could be withdrawn per- 
idically. Thelamp-to-blockdistanceiscriticalbecauseat3.5cm. the 


*Hanovla Chemical Manufacturing Co., Newark, N. J. 

**Jefferson Electric Company, Bellwood, Illinois. 

*♦*American Instrument Company, Silver Springs, Md. 

****An Erector set motor, A. C. Gilbert Co., New York,is admirable 
for the purpose. 
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inverse square law of intensities does not hold with a lamp of this 
size which is not a point source. Between the lamp and the two-armed 
cell was placed, in a similar block, another quartz cell which con¬ 
tained 43% acetic acid. It has been shown that this filter of 1-cm. 
depth transmits only 11.5% of the 2483 A. line, and virtually nothing 
shorter than 2450 A. (23). A 2% acetic acid filter transmits 98% at 
2537 A. and 94% at 2483 A. A trace of energy has been shown to occur 
with the Sc-2537 lamp at 2483 A. (13) although none is reported by the 
manufacturer. The fact that the same quantum yield was obtained 
witheitherfilter,asatest, is proofthattheamountof energy at 2483 A. 
is negliblble, since the ratio of energies at 2483 and 2537 A. is dif¬ 
ferent with the two filters. The spectral energy distribution of the 
lamp in microwatts per square centimeter at 20 inches as given by 
the manufacturer for an input of 25 watts is summarized in Table n. 


TABLE II. Spectral Energy Distribution Of Sc -2537 Laa^) 


Wave length, A. 

Micrcjvatts 

Wave length, A. 

Microvatts 

4000-7000 

4.0 

2800 

Trace 

3660 

0.5 

2630 

Trace 

3130 

0.2 

2537 

40.0 

3025 

Trace 

2260 

0.2 

2967 

Trace 




At wave lengths greater than 2860 A. no inactivation was found 
to occur (1) and therefore no filter was needed for the Sc-2537 lamp for 
radiation longer than the 2537 A. reasonance line. 

Intensity measurements were performed by both physical and 
chemical methods. For the physical method a C-423 lamp from the 
National Bureau of Standards was used asprimary standard along with 
an Eppley, bismuth-silver, linear, vacuum thermopile with a quartz 
window* and a Leeds and Northrop No. 2284 high-sensitivity galvan¬ 
ometer,** with a circular scale at 1 meter. For this setup a 1-cm. 
deflection represented 9.84 X 10"6 watts/cm.^. with the reaction cell 
empty and with the arc at 10 cm. a deflection of 29.6 cm. was ob¬ 
tained with the thermopile mounted directly behind the cell. With the 
cell full of a 0.014 M solution of phenylacetylalanine, which absorbed 
over 99% of 2537 A., a deflection of 5.5 cm. was observed. This checks 
with the manufacturer’s statement that approximately 85% of the gen¬ 
erated light is at 2537 A. By correcting for reflections, using the 
formula of Bowen (24), the Intensity absorbed by the solution was found 
to be 87.6 X lO® ergs/cm.2/hour. This corresponds tol.86X 10"6ein- 
stein/cm.2/hour at 2537 A. No correction was made for lack of par¬ 
allelism of the beam. 

Using the uranyl oxalate actinometer method and a formula of 
Bowen (24) the value of 1.74 X 10“® Nhy per cubic centimeter per hour 
was found. In the procedure of Bowen, a dilute uranyl oxalate solution 
is used at 2537 A. which, however, absorbs all the light at thatwave 


*The Eppley Laboratory, Inc., Newport, R. I. 

**Leeds and Northrop Company, Philadelphia, Pa. 
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length. At 3500 A. only 10% and at 4046 A. only 5% of the Incident in¬ 
tensity is absorbed. Taking these percentages into account along with 
the data of Table n,one can easily calculate that with this actinometer 
the error in intensity at 2537 A. is not off by more than 2% of the true 
value. 

The agreement of the two methods is considered satisfactory 
in view of the errors of genometric origin in the physical measure¬ 
ments. Inasmuch as most of the e^qteriments were performed with 
the arc at 3.5 cm. from the reaction cell and the actinometer measures 
the number of Nhv falling on the solution in the cell during the expos¬ 
ure time (no corrections are required for the fact that the incident 
light is not parallel,etc., as is required for the physical method),the 
intensities used in the calculations of quantum yields are those based 
on actinometer measurements. It is significant that at 10 cm. the same 
quantum yield for chymotrypsin was found as at 3.5 cm. with this set¬ 
up (25). 

For the exposures, 4 ml. of solutions of crystalline pepsin in 
0.1 M sodium acetate adjusted to the requisite pH with hydrochloric 
acid were utilized. At intervals, small samples were withdrawn for 
activity measurements. The percentage losses in activity were found 
by comparison with the activity of an unirradiated portion of crystal¬ 
line pepsin solution: the colorimeter reading obtained by use of the 
irradiated solution was divided by the colorimeter reading obtained 
by the use of the unirradiated solution and the ratio was multiplied by 
100. Since the pepsin activity curve obtained with hemoglobin is a 
straight line in the range of pepsin concentrations used (e.g.. Table I), 
this value equals the per cent activity remaining after irradiation. 
A separate, unirradiated solution was used with each series of ex¬ 
posures. With the equipment used the solutions were always irradiated 
at room temperature;, no heating of the solutions occurred during the 
e}q>osures. 

A few e;)q}osures of enzyme solutions, in quartz test tubes with 
soft glass test tubes holding solutions as controls, to an Hanovia 
Sc-1558 Utility Lamp were made in order to study inactivation rates 
as a function of pH with polychromatic light. 

Absorption Measurements 

The percentage absorptions of the enzyme solutions were meas¬ 
ured with a Beckman quartz spectrophotometer, using cells of 1-cm. 
depth, against the acetate buffer. Absorption by the buffer at 2537 A. 
was between 1 and 2% and considered negligible. The absorption of 
4 M urea in buffer was 17%. 

Effect of Urea on Pepsin Activity 

Pepsin in urea - 0.1 M sodium acetate was allowed to stand at 
room temperature. At intervals, aliquots of solution were removed 
and the activities were measured toward hemoglobin. At the same 
time the activity of a pepsin solution of the same pH and pepsin con¬ 
centration, which had been standing for an equal length of time at the 
same temperature, was measured. At pH 5.72, it was found that 4 M 
urea seemed to reduce the activity of pepsin. This effect could be a 
result of any one, or combination, of three things. The urea could 
modify the reaction between ty rosy! containing split products and the 
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phenol reagent causing a decrease in the intensity of color produced 
per unit of tyrosine. It was found that urea did not modify this color 
reaction. The urea could modify the hemoglobin and thereby reduce 
the rate of digestion by pepsin, or the urea could inactive pepsin. 
The latter was found to be the case; the activity of pepsin decreased on 
standing in urea solutions. That the properties of hemoglobin as a 
substrate are not affected by urea has been noted by Steinhardt (26), 

RESULTS 


Absorption Spectra 

The ultraviolet absorption spectrum of our pepsin sample is 
almost the same as that of Gates (27). The molecular extinction coef¬ 
ficient is defined as: 


e = 1/Cl (losiolo/l) 


( 1 ) 


where the concentration C is in moles per liter and 1 is the path length 
(of 1 cm.). Gates foimd ^min. to be between 20,000 and 25,000 at 
2500 A. and an £niax. the neighborhood of 60,000, at pH 5.0. Our 


values are e 


min. 


18,500 at 2500 A. and e 


max. 


52,000 at 2700 A. 


at pH 5.08 (initial value, before irradiation). Gates states that ir¬ 
radiation did not greatly affect the peak at 2775 A. and that the valley 
at 2500 A. filled up. Our data (Table HI) shows that the valley does 
tend to fill up but that the peak at 2700 A. also increases. For an 
equal degree of inactivation, these changes with irradiation are more 
pronounced at pH 5.08 than at pH 2.62. 

Gates also reported that heat denaturation of pepsin did not 
result in a significant change in the absorption spectrum after a loss 
of 56.5% activity. We have found that 7 M urea (pH 5.48) will inacti¬ 
vate pepsin at room temperature and that the changes in absorption 
of light by the pepsin solutions are less marked than with light in¬ 
activation (Table III). It was found,however,that appreciable inacti¬ 
vation occurred in the presence of 7 M urea without any change in ab¬ 
sorption. The change in absorption may, therefore, result form sec¬ 
ondary reactions. That the mechanisms of heat, light, and ureainacti- 
vations are different is indicated. 


Quantum Yield as Function of pH 
The quantum yield (<^) is given as: 

<p-- Cf/MloF (2) 


where c = concentration in grams pepsin per milliliter, f = fraction of 
molecules inactivated during the time of irradiation, M = molecular 
weight of pepsin (28) = 35,500, Iq = Nhv falling on the solution per cubic 
centimeter during the time of irradiation, and F = fraction of light ab- 
sorbedby protein at 2537 A. correctedfor the average amount absorbed 
by active protein duringthe irradiation. The correction factor is given 
by E/Eq where Eq is the initial concentration of enzyme in moles per 
cubic centimeter and E is the average amount of active enzyme during 
the exposure. The latter amount is given by: 


E » Eo/t 



g"kIo t 


dt 


(3) 



TABLE III. Changes in Transmission of Pepsin Solutions Accompanying Inactivation by Ultraviolet 
Light and by Urea.* 
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TABLE IV. Variation of Quantum Yield ( 0 ) with pH at 2537 A. 
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The correctionfactor maybe used provided (a)that a‘‘one-hit” inacti¬ 
vation occurs (29) and (b) that the products and reactants have the same 
molecular extinction coefficients. 

From equations 1, 2, and 3 it can be shown that the quantum 
yield is also given by: 

ino 

(Nhv) absorbed 

where A is the percent activity remaining at time t. With pepsin, for 
a 10% loss in activity, the absorption at 2537 A. for the solutions used 
increased by about 5%. Nevertheless, <(> values as calculated by eq¬ 
uation 2 or 4 gave nearly constant values for even higher degrees of 
inactivation, (Table IV). Throughout the work, first-order kinetics 
of inactivation were encounted durin irradiation. Obviously the use of 
equation 4 is more convenient, since the use of equation 2 requires 
either a solution of equation 3 or a graphic estimate. 

The results of the calculations at the hydrogen ion activities 
studied, with hemoglobin as a substrate, are summarized in Table IV. 
No change of pH of pepsin solutions was found to occur during ir¬ 
radiations. 


Quantvun Yield Dependence on Nature of Substrates 
The quantum yield at pH 2.01 was determined based on a loss 
of activity toward both hemoglobin and casein. The results are tab¬ 
ulated in Table V. The same quantum yield was found with either sub¬ 
strate. 


TABLE V. Effect of Ultraviolet Light (2557 A.) on Pepsin Activity 
toward Hemoglohln and Casein. 


Irradiation 
tiiii 0 y min. 

Inactivation, ^ 

Quantum yield 

X 10® 

With Hemoglobin as Substrate 

10 

18.7 

2.53 

20 


2.56 

30 

47.2 

2.49 



Av. 2.53 


With Casein as Substrate 


10 

21.8 

2.84 


20 

36.1 

2.57 


30 

45.2 

2.51 

Av. 2.57 



Effect of Urea on Quantum Yield 
Li postulated that the steric arrangement of tyrosine groups 
in pepsin is not essential for proteolytic activity, though modifications 
of these groups destroy activity (10). This came about as a result of 
iodinationeiqieriments in which Li found some ‘‘unavailable” tyrosine 
groups to become available in 7.1 M urea, pH 5.7, without, supposedly. 
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the urea causing denaturation of pepsin. This concentration of urea 
was not considered to bring about denaturation because 4 M urea, near 
pH 2, did not cause inactivation of pepsin (26). 

Should these findings be true, the quantum yield for inactiv- 
tion might expectedly be higher in the presence of urea. 

It has now been found that the activity of pepsin solutions de¬ 
creases on standing in 4 M to7 M urea solutions, at pH 5.0 and higher 
(Table VI). This inactivation is a complicating factor apparently not 
considered in Li’s experiments concerning the iodination of pepsin 
in urea solutions. 


TABLE VI. Effect of Standing: In Urea Solution on 

Pepsin Activity 

C one ent rat ion Ure a 

Time, 


crystalline pepsin, pH concentration 
./ml. 

min. 

Inactivation, ^ 

0.‘3 ‘y.OO it M 

r,o 

6.7 


ISO 

IP 

7 M 


0 •' ,, 


100 

y?':i 

1.30 S.Ub 7 M 

r 

15.5 


56 

19. 


Co 

r 3 .^ 


ikib 

i+o.T 

1,35 M 

8 

? 7.8 



!+ 3.7 


13^0 

'/ it. iS 


The effect of urea on the quantum yield of pepsin at pH 3.18, 
3.29, and 5.72 was measured. 4 M urea did not modify the activity, 
absorption of light, or rate of inactivation of pepsin by ultraviolet 
light at pH 3.18 or 3.29. At pH 5.72, it was found that 4 M urea did 
not influence absorption or, apparently, the quantum yield, but it did 
reduce the activity of pepsin (Table VIl). 

DISCUSSION 

The quantum yield at pH 2.01, namely 0.0024, is considerably 
higher than the values calculated by Landen from the data of Gates. 
This may in part be due to the fact that our solutions were stirred 
during the exposures. Our recalculations of the data of Gates is sum¬ 
marized in Table Vni. 

The quantum yield consistently decreases at each wave length 
with increasing irradiation; this, coupled with the knowledge that the 
extinction coefficient increases during inactivation, aliows one to con¬ 
clude that lack of stirring may have been partially responsible for the 
lowervalues of <f> to be gleaned from Gates’data. His datagives aval- 
ue at 2509 A. about one-third of our value at 2537 A. Incidentally, the 
fact that the quantum yields vary with wave length (Table Vin) is doubt¬ 
less the reason for the poor fit of Gates’ action spectrum with his ab¬ 
sorption spectrum (1). 

The question naturally arises as to the meaning of a quantum 
yield of 0.0024. On the average only one quantum out of ~ 400 is ef- 



TABLE VTI. Eesults of Exposure of Pepsin in Urea Solution to Ultraviolet Light 
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fectlve. Since these quanta are absorbed by the aromatic residues, 
phenylalanine, tryptophane, and tyrosine, of which there are 33 aro¬ 
matic residues per molecule (30), one wonders as to whether some 


table VIII. Quantum Yields Calculated from the Data of Gates 


Point-wave lengthy A. 

Inactivation, io 

Quantum yield 

2557 

51 . 

2.92 X 10*3 


50.0 

2.55 ■ 



2.52 

2509 

17.3 

8.60 X lO'-* 


41.0 

6.72 


50.0 

6.09 

2719 

15.6 

10.1 X lO*-* 


26.0 

8.41 


50.0 

7.46 


particular aromatic residue must absorb a quantum to produce inac¬ 
tivation of the molecule, with a yield of around 0.08, or whether any 
aromatic group may do so, but with a yield of about 0.0025. Recently, 
Levy has acquired data for the photolysis of phenylacylalanines (23). 
Some of her results are summarized in Table IX. It is seen that for 
the grouping most similar to that in a protein, namely phenylpropionyl- 
alanine, the yield is around 0.007, and,unless the quantum efficiency 
for a similar linkage is ten times higher in a protein, we may suppose 
that the former possibility is improbable. 

Inactivation could also involve cleavage of -S-S- bonds, a host 
of hydrogen bonds, or alteration of benzenoid groups. More data must 
be acquired before a detailed mechanism of inactivation can be offered. 

With trypsin, Verbrugge has speculated as to the existence of 
more than one active center per molecule. He found that he did not 
obtain the same quantum yield using the hemoglobin method as he did 
with casein as a substrate. With pepsin we have foimd no difference 
in quantum yield. Verbrugge also speculates that pepsin has more 
than one active center (31). Since Northrop (3) established the fact 
that loss of activity of pepsin during irradiation was proportional to 
loss of solution protein (pepsin digested the inactivated, denatured 
form), it can be seen that inactivation by light is an “all or none phe¬ 
nomenon.” The use of ultraviolet light, with pepsin at least could 
not be expected to give rise to any preferential breakdown of active 
centers if there be, indeed, more than one, either alike or dissimilar, 
active center per molecule. 

Rate of Inactivation 

Collier and Wasteneys (5) found that the ‘ ‘velocity of destruc¬ 
tion” of pepsin varied with pH; the rate showed a maximum near pH 2, 
a minimum near pH 4.75, and a rapid rise toward infinity at approxi¬ 
mately pH 6.8. This could be attributed to changes in the molecular 
extinction coefficient, to variation of quantum yield with pH, or to 
changes of the relative efficiencies of the components of polychromatic 
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light (used by Collier and Wasteneys) with pH. Our findings show a 
nearly constant value of the molecular extinction coefficient in the pH 
range studied. The inactivation of pepsin by ultraviolet light is a mo- 
nomolecular reaction. For any incident intensity, Iq, we may write: 

K = 1/t ln(100?/SA) (5) 

The observed rate constants at the pH’s studied are not com¬ 
parable because the intensities employed varied from es^eriment to 
experiment. Comparable rate constants may be calculated from quan¬ 
tum yields at each pH by assuming arbitrary values for Eq and Iq and 
by substituting these values and a corresponding calculated value of 
percent absorption into the equation: 

K = 1 /t In (lOOJ/SA) = <t3.o(% absorption)10'VEo (6) 

For example, taking the concentration of pepsin protein as 1.75 x 10“® 
moles per cubic centimeter, the intensity as 10"5 Nhv per hour per 
cubic centimeter falling on the solution, the absorption as 56.1%, 
4> = 2.4 X 10*3, and t in hours, one obtains K = 0.81 at pH 2.01. The 
variation of K with pH is shown in Figure 1. It is observed that at 
2537 A. maximum rate of inactivation is observed to be at pH between 
2 and 3, rather than atpH 2 as found by Collier and Wasteneys (5). Fur¬ 
ther these authors foundKat pH 2 to be 1.7 timesthe value at 3, where¬ 
as our values at these pH's are about the same. It seemed possible 



2 + 6 
PH 


1. Bate of inactivation, K, as a function of 
pH with monochromatic light (solid line) and with poly¬ 
chromatic light (broken line). 


that these divergent findings might be attributable to a greater varia¬ 
tion of (|> asa function of pH at wave lengths other than 2537 A. Collier 
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and Wasteneys used a full mercury arc with which destruction was 
attributed to the region 2000-3130 A. For a test, pepsin solutions 
were esqposed to the full light of a mercury arc in quartz test tubes. 
The rates at three pH values are also plotted in Figure 1. Since this 
polychromatic source has appreciable intensities at 3130,3025,2803, 
2699,2654,2482, and 2399 A., as well as at 2537 A. (according to the 
man^acturer), it may be concluded that the quantum yield is a more 
markedfunction of pH at some other wavelengths than 2537 A. It may 
be pointed out that K at pH 1.6 is greater than at pH 3.05 in qualitative 
agreement with Northrop’s finding (3), and that Collier and Wasteneys 
did not use pure pepsin and found variations among samples. It is 
well known that foreign proteins “protect” enzymes from irradiation. 

Pepsin is a relatively strong acid having apparently no iso¬ 
electric point. This extreme acidity for a protein is apparently only 
partially attributable to a phosphate residue (30). Its pH range of max¬ 
imum thermal stability is 4.5 to 5.5 (32,33). Stelnhardt and others 
have shown that pepsin inactivation, on standing in solution at pH’s on 
the alkaline side of its pH stability maximum, increases rapidly with 
increasing pH toward 7. This inactivation is partially reversible by 
adjustment to a more acid pH. It has been reported that most of the 
acidic groups of pepsin are not ionized below pH 4.5 (34). Above pH 
4.3, Conn et al. (35) andHerriott et al. (30,36) found a smooth change 
in pH with addition of potassium hydroxide to over pH 9. Herriot et al. 
found a definite ionization above about pH 2.7, however. Between pH 
6.2 and 6.8, pepsin activity, upon the addition of alkali, drops from 
100 to 70%; the “heat of denaturation” falls from 79 to nearly 0% of 
its value at pH 4.3 (35). Steinhardt found a 100- fold increase in rate 
of inactivation from pH 5.8 to 6.2 (19). The activity of pepsin is ap¬ 
parently associated with the un-ionized form (neglecting the phosphate 
residue) for the pH region for optimum activity toward proteins which 
is generally 1.5 to 2*. It is pH 4.0 for the cleavage of carbobenzoxy- 
glutamyl- tyrosine, however (37). The rate of inactivation of pepsin 
by light shows relatively low values between pH 3.6 and 5.3, with a 
minimum nearpH 4.2 or 4.3. This is in the region of maximum ther¬ 
mal stability (38) at which point pepsin probably has a maximum num¬ 
ber of salt bridges. With the addition of alkali the number of un-ion- 
ized carboxyls (from glutamic acid residues) decreases and a strong 
repulsion between ionized groups becomes operative. (The number 
of basic groups (30) is small in pepsin, 4-6, as compared with the 
number of carboxylic acid groups,'v 28.) This is analogous to the 
titration of polymethacrylic acid to which a similar statement ap¬ 
plies (39). In this strained, ionized condition, less activation energy 
is required for breakdown than is required if the molecule must fir^ 
acquire energy for the ionization of the five ionizable, probably cyst- 
enylamino, groups postulated by Steinhardt (19). 

We may visualize the photochemical step as consisting of cleav¬ 
ages of -S-S- or a -CONH- bond. There will be a decrease in the 


*Pincussen (4) suggested the determination of the pH for optimum 
destruction ultraviolet radiation as a method of measuring the pH 
for optimum activity of enzymes. This is probably not general and 
has not been found true with chymotrypsin (25). 
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tendency tor the resulting radicals to recombine because of the ionic 
repulsion of the large, charged fragments at a pH above 5; a higher 
quantum efficiency is therefore observed. If this is true, one mi^ht 
e3q)ect a lower quantum yield by irradiation under pressure of four 
to five thousand p.s.i.* The increasing failure of radical £g>lit pro¬ 
ducts to recombine with increasing pH means a decrease in a Franck- 
Rabinowitch effect. The increase of quantum yield with increasing 
frequency (Table IX) also points in the direction of a decreasing Franck- 
Rabinowltch effect (40). 

It is quite possible that with protein molecules which are held 
together at many points there may bean internal Franck-Rabinowitch 
effect operating, i.e.,two free-radical fragments may beheld in place 
by the protein framework until recombination can take place or until 
reaction with the solvent, etc., takes place. 

At present we can offer no explanation for the rise in the quan¬ 
tum yield to what appears to be a maximum near pH 2.65. Below pH 2, 
pepsin may be an equilibrium mixture of native and denatured protein, 
as in postualted for trypsin above pH 9 (30), and the action of lig^t on 
the denatured form may proceed more slowly than with the active pro¬ 
tein. Photochemical experiments with peptides as a function of pH 
may be helpful. It is interesting to note that the rates of deamination 
of alanine and aspartic acid show a minimum near pH 6 and rise to¬ 
ward pH 2 with ejqKisure to light from a mercury arc. The effective 
wave lengths, in the absence of a photosensitizer, may be less than 
2265 A., however (41). 

In passing it maybe pointed out that the quantum yield for pepsin 
is in the range reported for other proteins, namely 10~2 to 10~3 (12, 
29). 


*It has been pointed out by G. Oster that if this concept is correct, a 
lower quantum yield would be expected in solutions of higher ionic 
strengths. 
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Synopsis 

Quantum yields for the inactivation of crystalline swine pepsin 
have been determined as a function of pH at 2537 A. The quantum 
yield is near a minimum at pH 4.08, at which point a value of 0.0019 
was found, rises rapidly above pH 6, and shows a slight maximum 
near pH 2.7. The maximum is more pronounced with polychromatic 
light. The quantum yield (at pH 2.01) was found to be the same with 
either hemoglobin or casein as a substrate. Urea had no effect on the 
quantum yield although urea alone, 7 M, inactivates pepsin at an ap- 
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preciable rate. Urea and light denaturation do not modify the absorp¬ 
tion spectrum of pepsin in the same way. The data of Gates has been 
recalculated; it shows an increase of quantum yields with decreasing 
wave length. It has been concluded, from ejqierimentswith model 
substances, that inactivation can occur by the abson>tionof a quantum 
by any aromatic group in pepsin. 

Resume 

Le rendement quantique de 1’inactivation a la rale 2537 A. de la 
pepsine de pore cristalline a ete determin§e en fonctlon du pH. Ce 
rendement est proche du minimum au pH 4.08, ou une valeur de 
0.0019 a et§ trouvee; 11 s’accrott rapidement au dessus de pH 6, et il 
manifeste un maximum faible pres de pH 2.7. Le maximum est plus 
prononce avec unelumierepolychromatique. Le rendement quantique 
(a pH 2.01) a ete trouve identique aussi bien dans le cas de l’h§mo- 
globine, que de la caseine, comme stibstrats. L’uree est sans effet 
sur ce rendement, bien que I’uree seule, 7 M, inactive la pepsine dans 
une mesure appreciable. La denaturation a I’uree et la din^uration a 
la lumiere modifient le spectre d’absorption de la pepsine de fa^on 
differente. Les donnees de Gates ont6t§ recalculees; les rendements 
quantiques s’accroissent avec des longueurs d’onde decroissantes. 
On en conclut, a la suite d’experiences sur des substances modeles, 
que rinactivation peut se produire par I’absorption d’unquantum par 
un groupe aromatique, present dans la pepsine. 

Zusammenfassung 

Es wird die Quantenausbeute fur die Inaktivierung von krystal- 
lisiertem Schweinepepsin als eine Funktion der Wasserstoffionen- 
Konzentration bei 2537 A. bestimmt. Die Quantenausbeute zeigt ein 
Minimumbei pH 4.08,steigt raschueberpH 6und zeigt einschwaches 
Maximum in der Naehe von pH 2.7. Das Maximum ist mehr ausges- 
prochen bet der Anwendung von polychromatischem Llcht. Die Quan¬ 
tenausbeute (bei pH 2.01) ist die gleiche fur Hemoglobin Oder Casein 
als Substrat. Harnstoff hat keinen Effekt auf die Quantenausbeute, 
obwohl reiner, 7 M, Harnstoff Pepsin in betraechtlichem Masse in- 
aktiviert. Die Modifikation des Absorptionsspektriuns von Pepsin ist 
nicht die gleiche, wenn die Denaturierungeinmal durch Harnstoff und 
das andere Mai durch Lichteinwirkung erfolgt. Es werden die Werte 
von Gates nachgerechnet. Sie zeigen ein Anwachsen der Quanten¬ 
ausbeute mitverringerterWellenlaenge. AusVersuchenmitModelie- 
substanzen wird geschlossen, dass die Inaktivleimng erfolgen kann 
waehrend der Absorption eines Quantums beijeder der aromatischen 
Gruppen in Pepsin. 
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Adhesion. 

III. Adhesion of Polymers to Cellulose and Alumina 

A. D. McLaren and CHARLES J. SEILER^ Institute of 
Polymer Research, Polytechnic Institute of Brooklyn, Brooklyn, New York 


INTRODUCTION 

In previous papers (1-4) a number of factors involved in ad¬ 
hesion were demonstrated experimentally. With a series of isovis- 
cous polymers containing a highly polar, hydrogen-bonding group, 
-COOH, it was shown that the relationship: 

Adhesion * k(COOH)^ (1) 

holds for adhesion to regenerated cellulose, where n has an average 
value of 0.59. 

The temperature dependence of the adhesion of such materials 
to cellulose has been interpreted to involve an energetic competition 
between adsorption of polymer on the substrate and cohesion of the 
polymer for itself. The heat of adhesion is the sum of a heat of ad¬ 
sorption (exothermic) and a cohesive energy of polymer (endothermic). 
In other words, there is a specific attraction between polar groups in 
the cellulose and polar hydrogen-bonding groups in the polymer that 
involves heats of sorption, and there is a cohesive attraction of the 
polymer internally that involves an energy of cohesion; some of the 
energy of cohesion must be supplied in order for polar groups to e- 
merge to the interface (5). The relative magnitudes of these ener¬ 
gies determines the influence of temperature on adhesion. If the e- 
nergy of cohesion is greater than the heat of sorption, adhesion will 
increase with increasing temperature. The influence of a plasticizer 
on the magnitude of adhesion has been exemplified. 

It is the purpose of this paper to extend the observations to 
aluminum as a substrate and further to illustrate the role of humidity, 
molecular weight, tack temperature, and polymer composition on ad¬ 
hesion. 


EXPERIMENTAL 
Adhesion Measurements 

Adhesion measurements and bond formations were performed 


♦From a thesis submitted by C. J. Seiler to the Graduate School of 
Polytechnic Institute of Brooklyn for the M. S. degree, June, 1948. 
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in a manner similar to that described previously (2,3). Instead of a 
mechanical heat-sealer, however, an electrically heated plate covered 
with a smooth sheet of aluminum and a roller were used. The roller 
was constructed from a ball-bearing wheel, weighing 96 g. and 5/8 in. 
in width, which was attached to a handle by a universal Joint. The han¬ 
dle with a joint was used to insure fairly uniform pressure over the 
contact area. The joints were prepared by rolling the roller across 
the lapped films eight times, four each way (3). Sticking of films to 
the plate was prevented by lubrication with a trace of Silicone stop¬ 
cock grease. The temperature of the plate was controlled to 
A hand pyrometer was used to measure surface temperature. 

Tack temperatures reported here in (except in Table V) were 
determined with the roller and are not to be compared with results 
reported elsewhere (4) as determined with a mechanical heat-sealer 
under specified conditions (3,4). 

Joint Failure 

It was important to know whether joints broke by adhesion fail¬ 
ure between polymers and substrate (a measurement proportional to 
true adhesion) or by cohesion failure within the polymer (a measure¬ 
ment proportional to tensile strength). The following simple tests 
were employed to evaluate joint failure. Cellophane joints were ex¬ 
amined, after stripping, by immersion in a 1% aqueous solution of fuch- 
sin. Exposed cellulose (fyed red; the extent of any incomplete strip¬ 
ping of polymer from substrate was readily discernible (3,4). Alumin¬ 
um joints were examined visually with abright light and a magnifying 
glass,or better, by dipping in 20%caustic fora few seconds. Theex- 
tent of reaction of caustic with the exposed surface enabled an estlm- 
ateof the fraction of the bond which failed by stripping. Only the strip¬ 
ping load was considered to be a measure of relative adhesion among 
polymers. For more details of methods, previous papers in this series 
may be consulted (1-4). 


Copolymers 

Vinyl chloride-vinyl acetate-maleic acid copolymers were ob¬ 
tained from the Bakelite Corporation, courtesy of L. R. Whiting. Prop- 
perties of these materials were listed in Table I. 


TABLE I. “Vinylite" Resin VMCH Samples 


Saniple 

No. 

Bun 

No. 

Beference 

Analysis 

Specific 
viscosily 
at 20® C.* 

Tack 

temper¬ 

ature, 

"C. 

Vinyl 

chloride, 

i 

Vinyl 

£u;etate. 

Maleic 

acid, 

* 

1 

15-125 

D995-6 

85.2 

10.1 


0.592 

l'»3 

2 

E5-15l^ 

D995-27 

81.5 

10.6 


0.502 

1*^7 

7MCH 

- 

- 

86 

15 

m 

0.53 

120 

VYHH-l 

- 

- 

87 

15 

0 

0.53 

120 


“l.OO g. polymer dissolved In 100 ml. methyl Isobutyl ketone. 
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Vinyl acetate-methyl vinyl ketone (VA-MVK) copolymers were 
prepared!rom careMly purified monomers. Polymerization was car¬ 
ried out in bulk, to the extent of 15-30%, with benzoyl peroxide as a 
catalyst. The conditions are summarized in Table H. The polymers 
decreased in flexibility with increasing ketone concentration. The 
composition of the copolymers was determined by analyses for car¬ 
bon and hydrogen.* The mole fractions of methyl vinyl ketone report- 
ted in Table II were averages of values computed from both the car¬ 
bon and hydrogen contents. 

Forcoating,polymer solutions containing lOg. polymer in 56.7 g. 
purified dioxane were prepared. In addition, a solution of equal weights 
of polymers 87-3 and 87-5 was used to obtain a composition of inter¬ 
mediate carbonyl group concentration. 

Styrene-methyl vinyl ketone copolymers were prepared in seal¬ 
ed tubes without a catalyst. Pertinent data are in Table HI. 

A series of vinyl acetate polymers was obtained from the Bake- 
lite Corporation. Pertinent data are in Table IV. The intrinsic vis¬ 
cosities were supplied by the manufacturer. 

Substrates 

Regenerated cellulose films were used (3) without glycerol 
softener. Also employed was a 0.52-mil aluminum foil of high sur¬ 
face luster. Analyses of the foil** gave aluminum 99.61%, maganese 
0.012%, silicon 0.014%, iron 0.36%, and traces of magnesium and titan¬ 
ium. 


RESULTS AND DISCUSSION 

Influence of Molecular Weight on Adhesion 
We may take the intrinsic viscosities of polyvinyl acetate po¬ 
lymers in cyclohexanone to be roughly proportional to their mole¬ 
cular weights (see below). Figure 1 shows how adhesion is related to 
intrinsic viscosities [tj] of polymers. Somewhere below a viscosity of 


Fig. 1. Adhesion of polyvinyl 
acetate to cellulose and alii- 
nlnuR versus Intrinsic vis¬ 
cosity of the polymers. 



*Dr. F. Schwarzkopf, Long Island, New York. 

** Supreme Labs., Newark, N. J. 




TABLE II. Vinyl Acetate-Methyl Vinyl Ketone Polymers 
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ADHESION, in 


67 


about 0.38, cohesive failure of heat seals occurs. Above this value, 
adhesive failure occurs and increasing the “molecular weight” does 
not result in a marked improvement of adhesion. Apparently, provided 
the chains are long enough to resist slippage, adhesion depends only 
on intermolecular forces between chain segments and substrates. 
These forces are independent of chain lengths (1,6). Adhesion to al¬ 
uminum is higher than adhesion to cellophane at 35% relative humid¬ 
ity. 


TABLE IV. Polyvinyl Acetate Polymers 


Product 

Intrinsic viscosity 
(cyclohexanone, 20®C.) 

Tack ten^ierature, 

“C. 

AYAC 

0.11 

106 

AIAB 

0.15 

112 

ATAA 

0.39 

115 

ATAF 

0.56 

120 

ATAT 

0.69 

125 


Tack Temperature and Molecular Weight 
Tack temperature has been defined as that temperature at which 
the melt viscosity becomes low enough for two thin slabs of polymer 
to merge at an arbitrary pressure and in a given time. It was assumed 
previously and is further assumed here that under the same e:q>eri- 
mental conditions all polymers have equal viscosities at their respec¬ 
tive tacktemperatures. For two related materials we may write (7): 


In nt • In nj ■ Ai ♦ Cui'V B/Ti ■ + BTj (2) 

Here, rj is melt viscosity, M is average molecular weight, T is absolute 
temperature, and A, B, and C are constants characteristic of the series. 
From this equation we have a way of predicting a tack temperature T 2 
if Tj, M^, and M 2 are known. The well-known Staudinger equation, 
as modified by Mark et al. (8) may be written for the intrinsic vis¬ 
cosity [ij] as; 

[n] • m* (3) 

Substitution of equation 3 into 2 gives; 

In Ti * Ai + B/Ti ' A, + C’[n]J^*"+ B/Tj = ... (4) 

and for a given melt viscosity we have: 


K' - B'/T 


(5) 
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where K' and B' are new constants for the conditions extant. Thus a 
plot of against the reciprocal of the absolute temperature for 

a series of chemically identical polymers would expectedly give a 
straight line, provided thee}q>onent in equation 2 is one-half.'^ Using 
the value of a = 0.67 as an approximation (9), we have prepared this 
plot (Fig. 2). The data approximates a straight line. Ihifortunately 
the tack temperatures were not determined with an accuracy of more 
than ^2°C. and the exponent of M is not known at present and may dif¬ 
fer from 1/2. These results only serve to illustrate the meaning of 
tack temperature for polymers. Tack temperature is considerably 
more sensitive to variations in chemical composition than to variations 
in molecular weight. It has been found to vary from below 0*^C. to 
above 200^0. for miscellaneous polymers pre^ously conditioned to 
35% relative humidity (4). 


Fig. 2. Intrinsic vlscoslty- 
tack teaperature relationship 
for polyvinyl acetate. 


Influence of Solvent on Adhesion 
No difference in adhesion of polyvinyl acetate on cellulose or 
aluminum was noted with dioxane, acetone, or carbon tetrachloride as 
•a solvent. With acetone-water as a solvent, however, as the concen¬ 
tration of water was increased from 0 to 3.45% based on weight of the 
polymer, adhesion of the dried, heat-sealed films approached a max¬ 
imum toward aluminum (Fig. 3). Further additions of water in the 
solvent used in preparing the coatings led to a decrease in adhesion. 
This may be explained by the fact that the addition of a highly polar 
solvent such as water permits the polar groups of the polymer to at¬ 
tain closer proximity to the surfaces by virtue of an improved wetting 
action. The addition of higher proportions of water, however, has an 
insolubilizing effect on the polymer, causing a “balling up” of the 
molecules (10). This may lead to a poorer wetting of the surface. No 
such maximum in adhesion was observed with cellulose as a substrate. 



*P, J. Flory has since shown that the exponent is not one-half for all 
polymers. Symposium on Military Aspects of Colloids, Edgewood Ar¬ 
senal, June 28-29, 1948. 
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Fig. 3. Adhesion of polyvinyl 
acetate to aluinlpuiD as a function 
of anount of water in water- 
acetone solvent used during 
coating operation. 



Influence of Humidity on Adhesion 
From Figure 4 it may be concluded that low humidity tends to 
improve the adhesion of the more hydrophobic polymers (those high 
in styrene) to cellulose, whereas the adhesion of the polar polymer 
from polymethyl vinyl ketone is slightly improved at the higher hu¬ 
midity. Polyvinyl acetate gave an adhesion of 43 g.per linear 1.5 in. 
at 70% relative humidity, and 29 g. at 35% relative humidity (R.H.). 
These phenomena are probably associated partly with an elution ef¬ 
fect in the sorption of the polymer on the substrate (1), and partly 
with a plasticization of the polymer (4). These points have been dis¬ 
cussed previously. It may be speculated that, with the former effect 
predominating, adhesion would be lessened at higher humidity and, 
with the latter factor predominating, adhesion would be improved at 
higher humidity. Similar findings have been reported by De Bruyne 
(11) and others (12-14). 



Fig. 4. Adhesion of styrene-isethyl vinyl ketone copoly¬ 
mers to cellulose and aluminum. 
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Influence of Polymer Composition on Adhesion 
It has been shown that provided all members of a series (A 
polymers have the same tack temperatures, adhesion to cellulose msqr 
be eiqpressedby an equation,!, where the concentration of polar groups 
is raised to a fractional power. This is true for vinyl chloride-vinyl 
acetate-maleic acid copolymers, or mixtures of such a polymer with 
vinyl chloride-vinyl acetate polymer, and for ethylene-vbqrl alcohol 
polymers. This interesting relationship is aiqproximated at low maleic 
acid concentrations with aluminum as a substrate, i.e., below a mole 
fraction of 0.012-0.016 (3-4%) (see Fig. 5). At higher maleic acid con¬ 
centrations, adhesion passes through a maximum. Falling off in ad¬ 
hesion to aluminum of the maleic acid copolymers containing more 
than 3.7% of maleic acid is probably due to excessive corrosion of the 
aluminum (15). 



MOLE FRACTION OF MALEIC ACID IN COPOLYMER 


Fig. 5. Adhesion of vinyl chloride-vinyl acetate-nalelc 
acid copolyners to alunlnun. 

Copolymers of styrene and methyl vinyl ketone and of vinyl 
acetate and methyl viiqrl ketone both show a gradual increase in ad¬ 
hesion to cellophane and aluminum with increasing carbonyl concen¬ 
tration up to 0.8 mole fraction of ketone —' Figure 4 and 6. Above 
this point, adhesion increases rapidly. These copolymers show apro- 
nounced decrease in tack temperature (Tables n and m), with in¬ 
creasing ketone concentration. It is probable that two important fac¬ 
tors contribute to relatively high adhesion at high ketone concentra¬ 
tions. One may speculate that below O.Smole fraction of ketone (MVK) 
the material behaves as an aromatic hydrocarbon polymer in that the 
molecules have their nonpolar portions "outside” and exhibit prop- 
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ertles like those displayed by long-chain alcohols in solution (16). At 
higher ketone concentrations there is a “reversal of phase” and the 
polar portion of the molecules are “outside” and are available for 
adhesion (1). More important, perhaps, is the fact that above 0.8 
mole fraction, tack temperature of the members of both series have 
fallen into the region of adhesion as demonstrated previously for high 
polymers (4), (Tables II and III). This improved adhesion is probably 
partly attributable to a reduction in “cohesive energy density” (2-4), 
argument for improved flexibility is not substantiated by data of Table 

m. 



Fig. 6. Adhesion of vinyl acetate-netbyl vinyl ketone 
copolymers to cellulose. 


The adhesion of a series of ethylene-vinyl chloride (E-VCl) co¬ 
polymers to cellulose (4) progresses similarly to the MVK copolymers 
(4), (Table V). As the tack temperature dropped from 90-lOOoc. to 
25°C., adhesion increased from about 0 to nearly 1000 g. Adhesion 
was considerably improved by adding a plasticizer or by increasing 
the temperature of heat-sealing (1). For this series, log viscosity of 
the polymer solution (Table V)was proportional to tack temperature. 
For these polymers, tack temperatures are lower than for polyethylene 
or polyvinyl chloride. Neither polyethylene or polyvinyl chloride show 
adhesion to cellulose. 

Influence of Temperature on Adhesion 
In general, as temperature increases, so does adhesion of poly¬ 
mers to cellulose. Eventually, however, the temperature is high e- 
nough to allow for rapid viscous flow and a marked reduction in ten- 
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sile strength of polymers. At the higher temperatures, heat-seal bond 
failure results from cohesive failure within the polymer rather than 


TABLE V. Adhesion of Vinyl Chloride-Ethylene Polymers to Cellulose 


VCl/s 

mole ratio 

Viscositiesy 
poises “ 

Tack 

ten5)erature, °C. 

Adhesion 

0:1 

- 

105 

0 

1.1:1 

- 

<25 

1275 

1 . 95:1 

0.34 


850 

5:1 

0.9 

58 

60 

4 . 5:1 

2.5 

89 

60 

12:1 

3.4 

98 

50 

1:0 

- 

106 


*105^ solutions in cyclohexanone. 



from interfacial stripping. This is illustrated in Figure 7 wherein 
cohesion failure at higher temperatures together with increasing ad¬ 
hesion is responsible for the maximum in bond strengths observed 
(data from reference 3). 



Pig. 7. Adhesion of polysers to cellulose as a function 
of tesperature. Dotted line indicates cohesive failure. 
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Synopsis 

A relationship between tack temperature and molecular weight 
has been deduced and illustrated with poly vinyl acetate polymers. Pro¬ 
vided the molecular weight is high enough to prevent cohesive failure, 
the adhesion of polyvinyl acetate to cellulose and aluminum is indepen¬ 
dent of molecular weight. The influence of humidity on adhesion of po¬ 
lymers to cellulose is shown. The influence of polymer composition 
on adhesion is illustrated with copolymers of vinylacetate and methyl 
vinyl ketone and with styrene and methyl vinyl ketone. Above a mole 
fraction of ketone of 0.8, adhesion increases rapidly. The interdepen¬ 
dence of tack temperature and composition on adhesion is exemplified 
with ethylene - vinyl chloride copolymers. A temperature dependence 
of adhesion is cited for copolymers containing maleic acid. 

Res\un6 

Une relation entre la temperature de recouvrement et le poids 
mol6culaire a et§dlduite,et illustree au moyen de poly meres a base 
d’acetate de polyvinyle. Pourvu que le poids mol^culaire soit suf- 
fisamment 6lev6 pour eviter un manque de cohesion, I’adhesion de 
I’acetate de polyvinyle H la cellulose et I’aluminium est independante 
du poids molSculaire. L’influence de I’humiditi sur I'adh^sion des 
polymeres St la cellulose est mise en evidence. L^influence de la 
conq>osition du polymdre sur I'adh^sion est illustree au moyen de 
copolymeres d’ac§tatede vinyle et de methylvinylc^one, et de styrol 
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et demethylvinylc^tone. Ausdessus d’une fraction molaireen c§tone 
de 0.8 Tadhlslon s’accrott rapidement. La dSpendance de la templr- 
ature de recouvrement et de la composition sur I’adhSsion est il- 
lustr4e par des copolymSres §thylene-cMorure de vinyle. La dep4n- 
dance thermique de Tadhesion est indiqu4e pour des copolymdres H 
base d’acide maleique. 


Zusammenfassung 

Es wird eine Beziehung zwischen Klebetemperatur und Mole> 
kulargewicht fur Poly vinylazetat-Polymere al^eleitet. Die Adh&sion 
von Polyvinylazetat an Cellulose und Aluminium ist unabh^ngig vom 
Molekulargewicht, vorausgesetzt dass das Molekulargewicht hoch 
genug ist, um Kohksionszusammenbruch zuverhindern. Der Einfluss 
der Feuchtigkeit auf die Adh&sion von Polymeren an Cellulose wird 
nachgewiesen. Der Einfluss der Polymerzusammensetzung auf die 
Adh^ion wird ftir Mischpolymeren von Methylazetat in Methylvinyl- 
ketonen und mit Styrol in Methylvinyketone illustriert. Die adhksion 
nimmt stark zuoberhalbeines Molenbruchesvon Keton von 0.8. Der 
Zusammenhang zwischen Klebetemperatur undZusammensetzungund 
ihr Einfluss auf die Adhasion wird fur Athylenvinylchlorid Misch* 
polymere beschrieben. FOr Mischpolymere, die Maleinsaure enthal- 
ten, wird eine Temperaturabhangigkeit der Adhasion festgestellt. 


Received August 6, 1948 
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Photochemistry of Phosphonitrilic Chlorides. I. 
A Photochemical Reaction of Low-Polymeric 
Phosphonitrilic Chlorides 

B. R. DISHON and Y. HIRSHBERG, 

The Daniel Sieff Research Institute, Rehovot, Israel 


INTRODUCTION 

Phosphonitrilic chlorides, first obtained by Liebig (1) in 1834, 
have aroused enthusiasm in a great number of investigators because 
of their unusually interesting properties. Much work has been done 
in the field of phosphonitrilic chlorides since they were first synthe¬ 
sized. A great number of papers have been published in which the 
structures and the physical, chemical, and polymeric properties have 
been recorded (2,3). However, there have been no reports until now 
about the changes these compounds can imdergo when they are irradi¬ 
ated with ultraviolet light. 

In the course of an investigation of the fluorescence spectra 
of polymeric phosphonitrilic chloride, we observed some interesting 
changes in these compoimds which led us to undertake a thorough study 
ofthe photochemistry of the entire group of phosphonitrilic chlorides. 
The present paper deals only with a photochemical reaction that takes 
place when trimeric or tetrameric phosphonitrilic chlorides dissolved 
in nonpolar organic solvents are e;qposed to ultraviolet light. 

Due to the sudden tragic death of our colleague. Dr. B. R. 
Dishon, it was deemed fitting to publish these preliminary results now 
in honor of his memory. 


EXPERIMENTAL 

The trimer (I) and the tetramer (O) were prepared according 
to Schenck and Roemer (4) from phosphorus pentachloride and am¬ 
monium chloride in tetrachloroethane. Both were purified by recry§- 
talllzation from low-boiling petroleum ether and by repeated fraction¬ 
al distillation. The trimer was collected at 127oc. (13 mm.) and the 
tetramer at 199.5° (27 mm.). The trimer crystallizes in six-sided 
plates belonging to the rhombic system (5,6), and has a meltingpoint 
ofll4°C. The tetramer crystallizes in the tetragonal system (7,8)and 
ist melting point is 123.50C. If a sample, sealed under high vacuum 
in aPyrex tube, polymerized at SOQOC. with no color changes, it was 
considered pure for our purposes. In our experiments only freshly 
distilled samples were used. 

X-ray studies (7-9) point to the fact that both the trimer (I) and 
the tetramer (II) possess cyclic structures with alternate phosphorus 
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and nitrogen atoms, whereas the higher members possess chain struc¬ 
tures: 


Cl 

Cl 


;p 

I 




Cl Cl 


/Cl 

"-C1 


(I) 


Cl-^ 


Cls /Cl 
^N-P\ 

M « .Cl 

Nv 

Cl'' '^Cl 


( 11 ) 


The solvents were purified by the standard methods used for 
preparing spectroscopically pure materials (10). The following sol¬ 
vents were used: hexane, benzene, toluene, and decahydronaphthalene. 

Two types of mercury lamps were employed as irradiating 
sources. One was a water-cooled, vertical mercury arc surrounded 
concentrically by t'wo reaction vessels-similar to the one used in pre¬ 
vious investigations (11). Some Improvement in the construction of 
the lamp, however, has been made, as shown in Figure 1. This lamp 



yig. 1. Water-cooled, vertical mercury arc surrounded 
concentrically by two reaction vessols. 


was operated at 2200 watts d.c. and was situated approximately 2 cm. 
from the reaction vessel. The latter had a capacity of 190 cc. 
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The second was a high>pressure, air-cooled mercury arc op¬ 
erating also on d.c. (660 watts) and inclined slightly to the horizont^. 
When this light source was used, the reaction vessel employed was a 
round quartz cell 10cm. long with parallel wallsof 2.5-cm. diameter. 
The distance between the cell and the arc during irradiation was about 
8 cm. This arrangement was used especially when homogeneous films 
of trimeric or tetrameric phosphonitrilic chloride were irradiated. 
These films were prepared on the inside walls of the quartz cell and 
were closed under vacuum. The above method was also used for con¬ 
tinuous irradiation of the Insoluble photoreaction products formed 
from solutions of the trimer or tetramer. 

The radiation tubes and reaction vessels used in this investi¬ 
gation were made from very pure transparent quartz. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Homogeneous films of trimeric or tetrameric phosphonitrilic 
chlorides remained stable after a continuous irradiation for 40 hours 
with the full mercury arc. However, solutions of these compounds, 
which were initially colorless, gradually became brown on irradiating 
under the same conditions, and gelatinous deposits were formed on 
the walls of the reaction vessel. 

Qualitatively, the effect is the same in hexane, benzene, tol¬ 
uene, and decahydronaphthalene. 

The gradual formation of the brown deposit made it preferable 
to irradiate the solution only for short periods, to isolate the photo¬ 
products, and to recirculate the unchanged starting material. Alter¬ 
natively, one can work in dilute solution, in order to increase the con¬ 
version (Fig. 2). Theratesof reaction are given in Table I. 



Fig. 2 . Conversion percentage versus concentration 
for (NPCl2)3 in benzene per five hours Irradiation. 

Both soluble and insoluble photoreaction products are formed. 
The soluble products consistedof distillable, almost colorless liquids, 
and nondistillable brown substances which polymerize on heating. The 
former couldbeseparatedby fractional distillation into several frac¬ 
tions, as indicated in Table H. 
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TiUBLE I. Bate of photoreactlon of Fhoephonltrillc Chloride Vslog 
2200 Watt MerciaTr Iiaiqp 


Starting 

material 

Solvent 

Concentration, 
*ba8e moles’*" 

Irradiation 
time, hrs. 

Conversion, 

i** 

(PNCl2)3 

Benzene 

0.5 

15 

50 


Benzene 

0.1 

5 

50 


Decahydro- 

naphthalene 

0.5 

15 

58 


Decaiiydro- 

naphthalene 

0.1 

5 

75 

(PNClaU 

Benzene 

0.5 

15 

26 


Decahydro- 

naphthalene 

0.5 

15 

42 

*Based on PNClg. 

Calculated from quantity of starting material recovered. 


The gelatinous brown deposits are insoluble in organic sol¬ 
vents-swelling only in some of them; they resist the attack of a hot 
mixture of chromic and sulfuric acids, and are destroyed only by boil¬ 
ing with concentrated nitric acid. The best method of isolating them 
is by mechanical agitation of the reaction vessel with organic liquids 
or with water, which serves to detach the deposit from the walls in 
the form of transparent lamellae. 


TABLE II. Soluble Photoreactlon Products 


Starting 

material 

Boiling range 

Fractions isolated 

(PNCl2)3 

154“-180”C. 

(a) 123'C.(0.025 mm.) 


(0.25 ™.) 


in benzene 


(b) 123-127'C.(0.025 mm.) 



(c) 127-155'C.(0.06 mm.) 

(IWCl2)3 

159-l8rc. 

(d) 135-138°C,(0.03 mm.) 

in decahydro- 

(0.15 ™i.) 


naphthalene 


(e) 138-144»C.(0.03 mm.) 



(f) 144-149"C.(0,03 mm.) 



(g) 153-l8CfC.(0.03 mm.) 

(PNCl2)4 

180-185*0. 

(h) 180-185'C.(0,05 mm.) 

in decaliydro- 

(0.05 mn.) 


naphthalene 
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Our first assumption was that photopolymerization of the 
phosphonitrilic chlorides had taken place. There was no increase in 
the viscosity of the irradiated solution compared with that of the start¬ 
ing solution, and therefore, no appreciable amount of soluble polymer 
could have been present. However, it was still possible that the 
assumedpolymerizatlonledatonceto the highly polymerized, insolu¬ 
ble phosphonitrilic chlorides. 

In order to check this assumption, the chlorine content of the 
insoluble photoproduct was determined. Chlorine is known to be split 
off readily from low- as well as high-polymeric phosphonitrilic chlo¬ 
rides by hydrolysis with water in the presence of pyridine. The in¬ 
soluble photoproduct was refluxed for 6 hours with a pyridine-water 
mixture, and then analyzed for its chlorine content. The photopro¬ 
duct contained only 17.4%chlorineinsteadof the e}ipected61.1%. The 
photoproduct cannot therefore be polymeric phosphonitrilic chloride. 

The next assumption was that the solvent participates in the 
photochemical reaction. We had therefore to analyze each isolated 
reaction product for its carbon and hydrogen content. The analyses 
of the soluble photoproducts showed that successive substitution of 
the chlorine atoms by the radicals, R, of the solvent, RH, had taken 
place (see Table HI). 

The photochemical reaction of trimeric phosphinitrilic chlo¬ 
ride, therefore, can be represented schematically as follows: 



The indicated distribution of substituents in (IV) and (V) is, of course, 
arbitrary. 

Although, in the case of the tetramer, we could only isolate a 
substance which probably has the structure (VI), the photochemical 
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reaction of the tetramer seems to follow the same course as that of 
the trimer: 

\ / 

/N-P^ 

«.CioHiT (VI) 

Cl u 

^P=N' Cl 
/ \ 

Cl Cl 


The soluble, but not distillable, brown reaction products are 
transformed at about 200oc. into brown amorphous substances, still 
soluble in benzene but no longer soluble in hexane. At higher temper- 


TABLE III. Carton and l^rogen Content of Fractionated Fhotore 
action Products. 


Starting 

material 

Solvent 

(HH) 

Fraction 

Carbon, 

% 

Hydrogen, 

$ 

(F!ICl2)3 

Benzene 

(a) 

21.1 

2.5 



(b)* 

20.1 

1.8 



(c) 

23.7 

2.8 


Dec aliydronaphthalene 

(d)** 

55.3 

8.3 



(e)*** 

1^5.7 

6.1 



(f) 

in.6 

5.8 



(g) 

59.6 

5.8 

(FNCl2)4 

Dec ahydronapthalene 

(h)**** 

23.1 

4.1 


^Fraction (b) calculated for PaNsClB'CsHg : C, 18.5^; H, 1.55t 
**FraotlQn (d) calculated for P 3 N 3 Cl 3 .(CioHi 7)3 : C, 55.2^6; 

H, T.95t. 

***Praction (e) calculated for P 3 N 3 C 14 .(CioHit )2 : C, U3.6jt; 

H, 6 . 2 $. 

****Praction (h) calculated for P4N4CI4.C10H17 : E, 21.35^; 

H, 3.0St. 


atures they are changed into a glossy-black, hard, brittle resin, in¬ 
soluble in the usual organic solvents. These substances contain a high 
percentage of hydrogen and carbon and are therefore derived from 
the starting material by stepwise replacement of the halogen atoms 
by organic radicals. 

Table IV shows that the insoluble photoreaction deposits also 
contain carbon and hydrogen, although no definite formulas can be as¬ 
cribed to them. 
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TABLE 17. Cartsoo and Hydrogen Content of Insoluble Photo- 
reaction Products 


Starting material 

C, i 

H, i 

(PNCl 2 ) 3 y in benzene . 

. 33.2 

6.0 

(PNCl2)3^ in decahydronaphthalene. . 

. 35.2 

4.8 

(PNCl 2 ) 4 > in benzene . 

. 38.7 

7.7 

(PNC12)4f in decahydronaphthalene. . 

• ^^7.1 

9.6 


It is interesting to note that continued irradiation of a sus¬ 
pension of the deposit in benzene leads to a progressive loss of chlo¬ 
rine (Fig. 3). 

Oecahydronaphthalene is more reactive than benzene, as would 
bee}q>ectedfromthe C-H bond energies in the two hydrocarbons (12); 
trimeric phosphonitrilic chloride (I) appears more reactive than the 
tetramer (H). 

The substitution reaction leading to the colorless liquid com¬ 
pounds is neither preceded nor accompanied by an opening of the rings 
in (I) and (H) -as otherwise a whole range of polymers should have 
formed and the same products should have been obtained from both 
(I) and (n), which is not the case. There is no interconversion of the 
trimer and tetramer. Obviously,therings(I) and (II) are quite stable, 
and in this respect resemble the systems of benzene and cycloocta- 
tetraene, respectively. The main difference lies in the strength of the 
bond leading from the ring to the halogen atoms-a point which we shall 
endeavor to investigate quantitatively. 



Fig. 5. Decrease In chlorine content of the deposit by 
continuous irradiation in benzene. 

In View of the fact that phosphonitrilic chloride is an acid chlo¬ 
ride, this reaction is analogous to the substitution of hydrocarbons by 
phosgene andoxalyl chloride, which Kharasch and his school have stud¬ 
ied (13). 
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Synopsis 

Photochemical reactions of trimeric and tetrameric phospho- 
nitrilic chlorides with some hydrocarbons are described. Soluble and 
insoluble photoreaction products are formed. From the soluble frac¬ 
tion, distillable phenyl- and decahydronaphthyl-phosphonitrilic chlo¬ 
rides were separated; the indistillable and deposit fractions were also 
found to contain high percentages of carbon and hydrogen. This shows 
that successive substitution of the chlorine atoms by radicals, R, of 
the solvents, R-H, had taken place. 

Resume 

Les reactions photochimiques des chlonires de phosphoni- 
triles, trimeres ou tetrameres, avec certains hydrocarbiires sont 
dScrites; les produits de reaction sont partiellement solubles. Da la 
fraction soluble, on isole par distillation des chlorures de phenyl- et 
de decalyl-phosphonitriles; egalement le residu de distillation et la 
fraction insoluble contiennent un pourcentage eleve en carbone et en 
hydrogfene. Cecl demontre qu’ll y a ime substitution progressive des 
atomes de chlore par les radicaux R des solvants, symbolises par 
R-H. 


Zusammenfassung 

EswerdenphotochemischeReaktionenvontrimeren und tetra- 
meren Phosphornitrilchloriden und Kohlenwasserstoffen beschrieben. 
Ldsliche und unldsliche Reaktionsprodukte bilden sich. Aus den 15s- 
lichenFraktlonenwerden destillierbare Phenyl- and Dekahydronaph- 
thyl-phosphornitrilchloride isollert: auch die nicht destillierbaren und 
Bodensat^raktionen enthalten elnen hoheren Prozentsatz an Kohlen- 
stoff und Wasserstoff. Dies beweist, dass eine stufenweise Substitution 
der Chloratome durch Radikale R des Losimgsmittels R-H stattge- 
funden hat. 
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Methods for Estimating Intrinsic Viscosity 

FRED W, BILLMEYER, JR., 

E. I. du Pont de Nemours ii- Co., Arlington, New Jersey 


There have been proposed so many equations (1) connecting the 
dilute solution viscosity of high polymers with the concentration that 
the description of other relationships having no particular advantages 
would be without value. However, there are a number of viscosity 
functions which have the important property that for many polymer 
solutions their numerical value is almost independent of concentra¬ 
tion; hence, a good estimate of intrinsic viscosity can be obtained 
from one measurement of relative viscosity at a convenient concen¬ 
tration. These equations may be derived from the power series ex¬ 
pansion of viscosity versus concentration, to which Huggins’ (la)equa- 
tion;* 

♦ i£'((n]c )2 (1) 

is a second-order approximation. Some of these functions""* are: 

<Pi ' (2nsp - 2 in = tn] + (k' - i/3) [n]*c + ... ( 2 ) 

1 Hsp 3 in 

Du ' 7 — * 7 - " tn] + (k - 3/8) h]“c + ... (3) 

4 c 4 c 

1 njp 2 In nf 

IPs = - - h] + (k' - 1/3) h]'c + ... (4) 

3 c 3 c 


V* = .1^ e'n,p/3 . [„] + (u' _ i/3)[t)]®c + ... (5) 

c 


i/, 

(1 + l.Sngp) - 1 

‘I’s ' " W + (k' - 3/8)h]“c + ... (6) 


"*Following the usual terminology, 
ijy = relative viscosity 
7) - specific viscosity = t) j. -1 

[ 17 ]** = intrinsic viscosity 


115 


llm In nr 
c-o “c—*■ 


c = concentration 
k' = slope constant 

♦"“The author is indebted to W. H. Stockmayer for suggesting of some 


these functions. 
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<Pa 


(1 + 




xL 


- 1 


0.67 c 


W + (K' - 1/3)[ti]*c + ... 


(7) 


ft 



[nJ + (k' - 3/8)[n]*c + ... 


( 8 ) 


fe 



- 1 ) 


h] + (k' - 1/3)[nl^c + ... 


(9) 


The functions and are derivedform the expansion of 

In , and <^4 from a corresponding eiqponential eiqpansion. <^5 and 
^ e are obtained from the quadratic solutions of Huggins* equation, 
whose positive root is: 


fs 


(1 + 4k'nsp)‘^*-1 
2k' c 


( 10 ) 


<f) ^ and are derived from Phillpoff’s equation (1): 



where n is a positive number. The derivations are straightforward 
and neglect terms with powers of c higher than the second. 

The usefulness of these equations arises from the fact that, for 
many polymer-solvent systems, k' is not far from 1/3 or 3/8, and the 
second term on the right-hand side becomes very small. The partic¬ 
ular equation which fits the data best depends on the value of k' and 
the behavior of the higher order terms which have been neglected in 
obtaining to <f>g. Similarly, the behavior on extrapolation to c = o 
(to obtainthe intrinsic viscosity) of <^|to 4>g, ■»? /c and In ■»?j./cwill 
depend on the higher terms, and the lunction g^ng the best straight 
line may have to be selected by eiqierience. If k' is not near 1/3 or 
3 / 8 , other functions similarly derived may prove more useful. 

Gregg and Mayo (2) have used to estimate the intrinsic vis¬ 
cosities of solutions of polystyrene in benzene. Certain of these fimc - 
tions are now being used in this laboratory to estimate the intrinsic 
viscosity of polymethyl methacrylates in ethylene dichloride from a 
single measurement at a concentration chosen so that i^gpisnear 0 . 3 . 
For this system, k' is near 1/3. Table I shows a few sets of data se¬ 
lected at random from our files to test the equations. 
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Synopsis 

A number of equations are suggested for estimating intrinsic 
viscosity from one measurement of relative viscosity at a convenient 
concentration. Experimental data illustrate the validity of the equa¬ 
tions. 

Resum6 

De nombreuses equations sont proposSes pour estimer la vis¬ 
cosity intrinseque au dIpart d’une seule mesure de la viscosity re¬ 
lative, k une concentration appropriee. Les rysultats expyrimentaux 
iUustrent la validity des yquations. 

Zusammenfassung 

Es werden eine Reihe von Gleichungen fur die Berechnung der 
Viskosithtszahl aus einer Messung der relativen Viskositat bei einer 
leicht zugSnglichen Konzentration vorgeschlagen. E]q)erimentelle 
Werte demonstrieren die Anwendbarkeit dieser Gleichungen. 
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Stress-Strain Characteristics of Guaran Triacetate" 


CHARLES L. SMART and ROY L. WHISTLER, 
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INTRODUCTION 

Recent work indicates (1,2,3) that guaran, the principal polysac¬ 
charide of the endosperm of guar seed, consists predominantly of a 
chain of mannose anhydride imits one-half of which bear a galacto- 
pyranoside side chain. A molecule of this general configuration has 
not heretofore been readily available for examination as to its film 
properties. Linear polysaccharide molecules such as cellulose and 
more recently amylose (4,5) have been carefully examined in film form. 
Acetates of both of these polysaccharides produce strong, pliable films. 
Amylopectin, a polysaccharide possessing long branches, has also 
been examined and its acetates are found capable of producing only 
a highly brittle film, which is not self-supporting. Similar properties 
are observed among many of the synthetic polymers. Since guaran is 
a molecule with numerous short branches, its structure lies between 
that of cellulose and amylose on one hand and amylopectin on the other 
as illustrated in Figure 1. Consequently, it is of interest to examine 
the stress-strain curve of guaran triacetate and to compare the ten¬ 
sile strength and elongation at break with values obtained with cellu¬ 
lose triacetate and amylose triacetate films under similar conditions. 
The results are shown in Figure 2 and Table I. From these data it is 
apparent that short branches in the neighborhood of one glycosidic 
unit in length do not adversely affect the film-forming properties of 
polysaccharide acetates. When guaran triacetate film is plasticized 
and elongated the molecules orient under plastic flow as indicated by 
the stress-strain curves and by the fact that the films can, under cer¬ 
tain conditions, be elongated up to 550%, whereiqion they become an¬ 
isotropic to polarized light (2) and when broken shatter in lines paral¬ 
lel to the direction of elongation. Because of the side groups, how¬ 
ever, the films on elongation do not develop crystallinity which can 
be detected by x-ray examination (2). 

EXPERIMENTAL 

Preparation of Guaran Triacetate . Guaran, prepared by the 
methodof Heyne and Whistler (2), i.e., by extraction of guar flour with 
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water and subsequent precipitation with ethanol, is a white, fibrous 
polysaccharide. Guaran was acetylated by stirring with approxi¬ 
mately 33 parts of pyridine and 33 parts of acetic anhydride at 105°C. 
for 4 hours. The acetate was precipitated by pouring the clear sol¬ 
ution into excess ethanol stirred in a Waring Blendor. After repeated 



CELLULOSE GUARAN AMYLOPECTIN 

Fig. 1, Diagramatlc representation of chain sections from cellulose, 
guaran, and amylopectin molecules. (0= 1 anhydro sugar 
unit.) 


washing with ethanol, the product was air-dried. It was white and 
fibrous resembling in appearance the triacetates of cellulose and 
amylose. Its acetyl content was found to be 44.8%, while the calcu¬ 
lated value for the triacetate is 44.78%. 

Preparation of Films. Two grams of guaran triacetate was dis- 
solved in 80 ml. chloroform, and the solution was freed from dust 
and lint by passage through coarse fritted glass. The solution was 
concentrated at 70-75OC. inaglycerol bath and, in those cases where 
plasticized films were to be prepared, a weighed amount of dibutyl 
tartrate was mixed with the thickened solutions. After concentrating 
to a 12% solution, the viscous liquid was allowed to stand for several 
minutes to become free of bubbles and was cast on a clean glass plate 
with a casting knife having its blade set 0.02 in. above the glass plate. 
In abort 4 hours, the film was carefully loosened by moistening the 
edges with water and stripped from the plate. After blotting between 


table I. Tensile Strength and Elasticity of Unplastlclzed Films 

from Guaran Triacetate, Cellulose Triacetate, and Potato 
Amylose Trleicetate 



Guaran 

Cellulose 

Potato amylose 

Property 

triacetate 

triacetate 

triacetate 

Tensile strength, kg./mm.s 

7.5 

8.6 

8.0 

Elongation at break, ^ 

U.O 

4.0 

17.0 


filter paper, the clear film was cut into strips, dried first in a 60° air 
oven for 2 hours, and then in a vacuum desiccator overnight. Finally, 
the strips of film were allowed to stand for 2 days in an atmosphere 
of 50% relative humidity. 

Unplasticized films were prepared by the same techniques from 
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cellulose triacetate (obtained from Tennessee Eastman Corporation) 
and potato amylose triacetate. 

Stress-^rain Measurement. The dried strips of film (0.02-mm. 
thick and lO.0()>mm. wide) were removed from the 50% relative hu¬ 
midity chamber, and their stress-strain characteristics were immedi¬ 
ately determined on a Scott IP-4 inclined-plane serigraph (load cap¬ 
acity , 0-2000 g.). The distance between film clamps was set at 50 mm. 
for zero load. The tensile strength and elongation values are averages 
of at least ten tests conducted on at least two different films. 



PERCENT ELONGATION 

Fig. 2. Stress-strain ciirves of guaran triacetate (cross-sectional 
area 0.2 mm.^) containing 0— dibiityl tartrate. 

FILM CHARACTERISTICS 

Guaran triacetate yields a colorless, transparent film whose 
tensile strength is sligthly lower than that for films from either cellu¬ 
lose triacetate or potato amylose triacetate, while its inherent plas¬ 
ticity corresponds to that of films from cellulose triacetate (Table I). 
The addition of plasticizer causes the film to become softer and more 
pliable (Fig. 2). As would be e^qpected, a progressive weakening of the 
film occurs when increasing amounts of plasticizer are incorporated. 

The unplasticized polymer is an almost ideal elastic material 
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since Hooke’s law is obeyed over most of the range. As stress is ap¬ 
plied to plasticized guar an triacetate, indications of plastic flow are 
seen, and as elongation proceeds, evidences of increasing resistance 
to the applied stress are observed. The shattering of the elongated 
film in lines parallel to the direction of elongation is additional evi¬ 
dence of anisotropicity. These various properties are characteristic 
of linear molecules. 
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Synopsis 

Guaran triacetate, a linear molecule having one-unit branches, 
can be cast into clear, colorless films having a tensile strength of 
7.5kg./mm.2 and an elongation at break of 4%. Thus, it appears that 
one-unit branches of the size of the glycosidic unit do not adversely 
affectthefilm-formingpropertiesof polysaccharide acetates. Plast¬ 
icized films show more elasticity and greater elongation at break. 

Resume 

Letriacetate de guarane, une molecule lineaire presentant des 
chainons lateraux unitaires, peut ^re coule en films clairset in¬ 
colores, presentant une resistance a la tension de 7.5 kg./mm.^et 
une elongation a la rupture de 4%. II en ressort done, que des chainons 
lateratix de la grandeur d’lme unite glucosidique ne contrarient pas les 
propri^Ssde former des films Chez les acetates des polysaccharides. 
Les fims plastlfies pr&sentent une plus grande elasticity et une plus 
grande Elongation a la rupture. 


Zusammenfassung 

Guarantriazetat 1st ein lineares Molekul, dessen Verzweigungs- 
glieder aus einer Einheit bestehen. Es kann in einen klaren, farblosen 
Film von einerZugfestigkeit von 7.5 kg./mm.^ und einer 4% igen Bru- 
chdehnung gegossen werden. Dies deutet darauf hln, dass Verzwei- 
gungslieder, die aus einer Einheit von der Grosse der Glykosidgruppe 
bestehen, das Filmbildungsvermogen von Polysacchariden nicht un- 
gunstigbeeinflussen. Plastizierte Filme haben hohere Elastizitat und 
grossere Bruchdehnung. 
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NUMBER-AVERAGE MOLECULAR WEIGHT 
OF ACETALDEHYDE POLYMER 

A sample of acetaldehyde polymer obtained from Professor M. Letort 
(1) was kept under vacuum in a refrigerator for about 48 hours to 
remove volatile decomposition products. Solutions of the polymer 
were made in methyl ethyl ketone and filtered. Osmotic pressure 
measurements were carried out at several polymer concentrations 
with a modified Fuoss-Mead osmometer in a constant temperature 
water bath at The osmotic pressure v divided by the con¬ 

centration c was plotted against concentration c and the graph extra¬ 
polated for the value vb at infinite dilution. The number-average 
molecular weight M was then calculated from the expression: 

Mn = RT^/tto 
C-K) 

where R = 848, T = 300.7, and P®*" graph. A value of 5.1 

X 10^ was obtained for the sample of polyacetaldehyde under investi¬ 
gation. 

The viscosity of the polymer in methyl ethyl ketone was de¬ 
termined with an Ostwald viscometer in a constant temperature water 
bath at 27.60C. The specific viscosity divided by the concentration 
was plotted against concentration-giving a straight line. The intrin¬ 
sic viscosity was obtained from the intercept-giving a value of 2.75 
at 27.60C. 
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POLYPHENYL 

The reaction between halogenated hydrocarbons and alkali or 
other metals leading to the union of two hydrocarbon radicals is well 
known and amply described in the literature as a Wurtz or Fittig re¬ 
action (1,2,3), Thus, diphenyl was first prepared by Fittig in 1862 by 
the reaction of monobromobenzene with sodium (2). 

Similar partially successful attempts have been made by Busch 
and Weber (4) to link phenyl groups into chains by the reaction of di- 
substituted benzene derivatives, leading to chains with up to sixteen 
phenyl groups. 

Previous attempts to condense dihalogen substituted benzenes 
with alkali to form ‘*polyphenyls’^ have probably also been success¬ 
ful, but the products, not being '‘well-defined'* in the classical sense, 
have not been described. 


Preparation 

A solution of p-dichlorobenzene in dioxane, toluene, or xylene 
was treated with about 2.4 gram-molecular weights of alkali metal 
per gram-atomic weight of the halogenated compound at the boiling 
point of the solution to yield close to 50% of the theoretical of a material 
with a molecular weight around 2700 soluble in nonpolar solvents. A 
typical preparation was as follows. One gram-molecular weight of 
commercial p-dichlorobenzene in 250 ml. of dioxane in a container 
equipped with a reflux condenser was treated with about 2.4 gram- 
atomic weights of sodium at the boiling point of the solution. Very 
little reaction occurred until boiling was violent enough to break up 
thechunksof molten sodium, when a violent reaction set in, which was 
controlled by appropriate cooling of the reaction vessel. Within about 
ten minutes the reaction slowed down to the point where no further vis¬ 
ible change occurred. At this point the reaction mixture had a dark 
brown color and contained appreciable quantities of undissolved ma¬ 
terial. After 24 to 48 hours, virtually all the dioxane was distilled 
off, the excess sodium destroyed by a mixture of water and alcohol, 
and the reaction products separated. Refluxing the reaction products 
with water, followed by extraction in a Soxhlet extractor removed the 
inorganic products to the point where further extraction did not yield 
any chlorine-containing compounds in the water. Extraction with al¬ 
cohol removed some material giving a light brown color to the ex¬ 
tract. 

Further extraction with benzene, toluene, or xylene yielded a 
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dark brown solution, parts of which precipitated on the collecting flask 
but could be redissolved in an excess of the solvent. Part of the re¬ 
action products are insoluble in the nonpolar solvent. In this way, 
30 to 35 g. of benzene, toluene, and xylene-soluble, methanol-insolu¬ 
ble material and an equal amount of product insoluble in benzene,tolu¬ 
ene, 3qrlene, methanol, carbon tetrachloride, and water was obtained 
from one gram-molecular weight of p-dichlorobenzene. 

Properties 

The product can be precipitated from solution by the addition of 
methanol. It can also be obtained by evaporating the solvent. In the 
first case it gave a tan fluffy powder, in the second a brown glassy 
material. On redissolving, the two products did not show any differ¬ 
ence in properties. Cryoscopic molecular weight determinations in 
benzene containing 0.2 to 1.0 g. of product per 100 g. of benzene solu¬ 
tion gave values of 2700 * * *** 100 to * 500. The same value was obtained 
for samples prepared in different solvents, under a variety of concen¬ 
tration and temperature conditions. Similarly, material obtained as 
different fractions from a fractionation with methanol from benzene 
solution gave values within the same limits. 

Chlorine analysis showed sq)proximately six chlorine atoms per 
molecule. Hence the degree of polymerization is of approximately 
34 six-membered carbon-rings units.’* At 300°C. the product did not 
melt or show any changes in properties or appearance. An ultraviolet 
spectrophotometer tracing showed an absorption maximum around 
3000 A. indicatingpossiblequinoidarrangement.’*’* The specific vis¬ 
cosity divided by the concentration in grams per hundred mililiters 
of solvent in both benzene and xylene showed a marked decrease with 
increasing concentration, apparently leveling off at about 1 g. per 100 
ml. (Fig. 1).’*’*’* 

A solution of the material temporarily inhibits the polymeri¬ 
zation of styrene. On prolonged heating, polymerization of styrene 
takes place, however, without obvious decreases in brown color of 
the solution. 


Discussion 

Itistentativelyassumedthatthe structure consists of six-mem- 
bered carbon rings strung together essentially in the para position, 
showing marked quinoid arrangement. 

The latter is supported by the position of the light absorption 
maximum (5) and by the influence of the material on polymerization. 

It also is believed that the molecule is rigid and planar, the first 
from its relatively high viscosity and the second from the decrease of 
specific viscosity over concentration with concentration. If the mole¬ 
cule is planar and not too Irregular, it can be assumed that two or 


*For this information the author is indebted to Mr. G. A. Edwards, 
University of Buffalo. 

’*‘*Forthis information the author is indebted to Miss B. Levy, Poly¬ 
technic Institute of Brooklyn. 

***For this information the author is indebted to Mr. T. Kane, Univ- 
versity of Buffalo. 
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more molecules may associate at higher concentration parallel to each 
other without materially influencing the length of the aggregates but de¬ 
creasing their number. 



0.0 0.5 1.0 

C in gm./lOO ml. solution 

Fig. 1. Specific viscosity over concentration plotted 
against concentration of polyphenyl in benzene at 6.1'’C. and 
77.6°C. 

The independence of the freezing point lowering and boiling point 
rise of concentrations between 0.5 to 1.0 g. per 100 g. of benzene can¬ 
not be fitted with the above explanation of the viscosity behavior. 

It is as yet not possible to explain the position of the chlorine 
atoms in the molecule. 


Conclusions 

A polymer consisting probably of phenyl and quinoid groups 
linked in the para position, having a degree of polymerization of about 
34 six-membered carbon rings, has been obtained. 

Further work is being carried out on this polymer by varying 
the method of dehalogenation, the reaction temperature, and the con¬ 
centration. Attempts are also under way to synthesize by this method 
other polymers, such as polyethylene, head-to-head, tail-to-tail poly¬ 
styrene, and a carbon chain containing alternating single and double 
bonds. There are indications that it will thus be possible to obtain a 
series of new polymers. 
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Errata: VISCOSITY FUNCTION FOR POLYELECTROLYTES 
(J. Polymer Sci., 3, 603-604, 1948) 
by Raymond M. Fuoss 
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New Haven, Connecticut 


Page 604, column 1, 8-10 should read: 


poly-4-vinylpyridine. The molecular 
weights of the parent polymers for 
Salts I andn were 207,000 and 77,000. 
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Polyelectrolytes. III. Viscosities of n-Butyl Bromide 
Addition Compounds of 4-Vinylpyridine-Styrene 
Copolymers in Nitromethane-Dioxane Mixtures* 

RAYMOND M. FUOSS and GEORGE 1. GATHERS, 
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I. INTRODUCTION 

In the previous paper of this series (1), some of the properties 
of poly-4-vlnyl-N-n-butylpyrldonlum bromide were described. This 
compound is a long-chain strong electrolyte, prepared by the addition 
of butylbromide to the polymer obtained from 4-vinylpyridine. In it, 
eveiry other chain atom carries a ring in which the nitrogen atom is 
positively charged. The structure of the molecule in solution is pre¬ 
sumably an open coil structure, differing from that characteristic of 
neutral chain polymers such as polystyrene in that the chain is more 
diffuse, due to repulsion between the positive pyridonium ions which 
are attached to the chain by primary valence bonds. The bromide ions 
are free-swimming kinetic entities, and may be roughly divided into 
two categories, depending on whether they are near (or “inside”) a 
positive polyion or whether they are in the solvent between polymeric 
cluster ions. Thefractioninthe first category can be ejected to de¬ 
crease with dilution in a given solvent and to increase with decreas¬ 
ing dielectric constant at a given concentration if we assume that 
Coulomb forces between ions control their distribution. Now the in¬ 
trinsic viscosity may be considered as a measure of the volume oc¬ 
cupied by a polymeric structure in solution (2). A study of the vis¬ 
cosities of polyelectrolytes, therefore, might be e}q)ected to give In¬ 
formation concerning the configuration of a given polyion in its de- 
pendenceonthe pertinent variables, concentration of electrolyte, and 
dielectric constant of solvent medium. 

A further variable is available in the synthetic poly electrolytes; 
the relative number of ionic groups within the chain. By making co¬ 
polymers of vinylpyridine and a neutral monomer such as styrene, we 
obtain chains in which the number of ionogenic groups is proportional 
to the content of vinylpyridine. A determination of the copolymeriza¬ 
tion constants (3) gave rj = 0.52 and r2 = 0.62 (with vinylpyridine as 


*This research was entirely supported by Contract N6ori44-T. O. IV. 
with the Office of Naval Research, as Project NR 054-002. Grateful 
acknowledgment is made of this assistance. 
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sented by George I. Gathers to the Graduate School of Yale University 
inpartial fulfillment of the requirements for the Degree of Doctor of 
Philosophy, June, 1948. 
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monomer land styrene as monomer 2); therefore, copolymers ofthese 
two monomers, especially those prepared by only partial conversion, 
should have atiniform distribution of components in the chain, so that, 
for example, a 10% vinylpyridine copolymer would have as its average 
structure: 


(-S-S-S-S-S-S-S-S-S-P-)^ 


where S denotes a styrene unit and P a vinylpyridine unit. By control¬ 
ling polymerization conditions to get the same average* chain lengths 
for different copolymer ratios, we may then study the effect of charge 
density within the polymer coil at constant stoichiometric bromide ion 
concentration and constant permittivity of the solvent. 

The purpose of this paper is to present (a) a description of the 
preparation of polyelectrolytes obtained by addition of n-butyl bromide 
to copolymers of 4-vinylpyridine and styrene, (b) a description of our 
viscometry technique, and (c) an accoui^ of the viscosities of these 
polyelectrolytes in solvents of different dimectric constant alone, and 
inthe presence of other electrolytes. Our results show that the vis¬ 
cosities conform to the following empirical (4) equation: 


-Hap = 
c 


1 + BC 


•+ D 


( 1 ) 


where isthei^ectfic viscosity, C is concentration in grams solute 

per 100cc. solution, and A, B and D are constants for a given system 
polyelectrolyte-solvent. 


n. EXPERIMENTAL 
Apparatus 

Viscosities were measured in viscometers constructed accord¬ 
ing to Bingh^'s (5) design. Viscometer I had a capillary 11.0 cm. 
(1) long and 0.0148 cm. (r) radius and working volume 4.045 ml. (v). 
Using Bingham’s equations (6), the constants C and C of the viscos¬ 
ity equation: 

r\ = Cpt - C'p/t (2) 

were calculated to be C= 384.8 rVvl=4.15 x 10"'^andC‘'= 0.0446 v/1 = 
0.0164. (inequation 2,^ is viscosity, p is driving pressure in grams 
per square centimeter, p is density, and t is time in seconds.) The 
viscometer was in athermostat held at 24.80^ by means of an Aminco 
regulator. All solutions measured were pumped into the clean dry 
viscometer through a medium grade sintered glass filter. 

Working pressures varied from about 30 to 200 cm. of water. 
The apparatus shown in Figure 1 was used to hold the driving pres¬ 
sure constant during a nm; it depends on a slow steady overflow of 
water from an outlet set at the desired pressure level. The overflow 
oxitlet is set at a height above the water bottle A (to which it is con¬ 
nected with a piece of Tygon tubing) and air is pumped into the sys¬ 
tem by means (d abicycle pomp, with the stopcocks to the viscometer 
closed. The water levels rise in the manometer (12 mm. I.D.) and in 


*Work on fractionated samples is in progress. 
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the Tygon tubing; when the water overflows at B, the stopcock to the 
pump is closed and a slow trickle of w^er into A is started. Bottle A 
has a cross section of about 200 cm.^, sothe 4-cc. volume change of 
the system during a viscosity determination only changes the pres¬ 
sure by 4/200 or 0.02 cm. The filter was packed with lamb's wool to 
keep dust out of the viscometer. Pressures were read on a steel scale 
hung beside the manometer and were corrected (7) to grams per square 
centimeter. The working volume of the manostat is fairly small, and 
pressure changes due to temperature changes were negligible. (The 



latter were especially annoying in a previous design, in which air was 
pumped into a carboy which in turn was connected to the viscometer 
and manometer; the adiabatic heat of compression caused pressure 
drifts which lasted for many minutes.) 

For calibration of the viscometer, a variety of liquids (see Table 
I) were used. Equation 2 may be written: 

pt = n/c + c*p/ct (3) 

and a plot of pt products against reciprocal time for liquids of known 
viscosity and density should therefore give the apparatus constants C 
andC'viaintercept and slope, respectively. In order to allow for the 
variable hydrostatic pressure head in the viscometer Itself during a 
run, averages of flow times to right and to left for a given manometer 
setting were used; this hydrostatic head adds to the external driving 
pressure for flow in one direction and substracts from it for flow in 
the opposite direction. The pt - 1/tplots obtained were linear; the 
results are summarized in Table I. It will be seen that the average 
of the C values checks that calculated from the dimensions of the vis¬ 
cometer. 

The calibration data showed, however, that equation 3 was in¬ 
adequate to describe the behavior of our viscometer. While the pt - 
1/tplots were indeed linear, the slope was not constant, as should be 
the case if kinetic energy (second term of equation 2) were the only cor¬ 
rection needed. Inconq)lete drainage of the viscometer bulb would be 
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a source of error if the drainage depended on the constants ctf the liq¬ 
uid under investigation. Barr (8) and Jones and Stauffer (9) have called 
attention to drainage errors. Swindells (10) avoided them by always 

TABLE I. Viscometer Calibration at 24.80'. 


Material 

Intercept 

Viscosity, cp. 

C X 10"^ 

Water 

21556 

0 . 8969 ^^’^^ 

4.161 

It 

- 

0 . 8938 ^*^^ 

4.146 

SOjt sucrose 

4l400 

1 . 715 ^'^^ 

4.145 

sucrose 

51720 

2.143^*^^ 

4.143 

305 ^ sucrose 

66685 

2 . 769 ^^^ 

4.152 


® J. P. Swindells, J. Colloid Scl., ?, I 85 (1947). 

^ J. B. Coe and T.. B. Godfrey, J. Applied Ehys., 13 , 62‘5 
(1944). 

° "International Critical Tables," Y> page 10. 

P. J. Bates et al., 'Folarlmetry, Saccharimetry and the 
Sugars." Circular C440, National Bureau of Standards, 
Washington, D.C., 1942, page 673. 

running the test liquid into a dry viscometer; his procedure, however, 
is time consuming, and requires a battery of viscometers. We there¬ 
fore determinedthe drainage error and made the appropriate correct¬ 
ion. Let A V be the volume retained on the walls of the viscometer 
bulb; we would e^qpect it to depend on density p , viscosity ij and time 
t as follows: 

Av = pvon/pt 

where fi is a constant and Vq is the volume of the dry bulb. Then, for 
emptying the bulb, the actual working volume v is: 

V = Vo - 3von/pt 

Since C = k/v, the viscometer equation then becomes to first-order 
approximation: 

pt = n/cb + (C'p/Co - 3n*/pCo)/t = n/cb + x/t (4) 

where X, the slc^e of the calibration curves, now includes corrections 
forbothdrainageandkinetic energy. The slope should satisfy the re¬ 
lation: 

x/p = C'/Cb - (3/cb)(n/p)“ (5) 

A test of equation 5 is shown in Figure 2 for data on the following sys¬ 
tems: methyl ethyl ketone, water, 10% sucrose solution, 20% sucrose, 
91.4%ethanol, 25% sucrose, 30% sucrose and45.7% ethanol.The ver¬ 
tical lines in Figure 2 mark the extreme values of the slopes consist¬ 
ent with the data; the sequence of points from left to right is the se¬ 
quence of solutions as enumerated above. Except for the 30% sucrose 
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solution and the two ethanol-water mixtures, the data satisfy equation 
5. From the intercept at {tj/p ) = 0, which equals C'/Cq* we calculate 
C'= 0.0172, which Is in fair agreement with the value calculated for 


Fig. 2. 


Test of equation 



the coefficient of the kinetic energy correction from the dimensions 
of the viscometer. 

For practical work, equation 5 was used in the approximately 
equivalent form: 

x/p = C'/Co - 3Co(pt/p)* 

= 4.15 X 10* - 2.77 X io'®(pt/p)* (5a) 


It would, of course, be misleading to determine the viscosities of the 
polymer solutions by measuring at a series of pressures and extra¬ 
polating the pt - 1/t curves to infinite time (zero rate of shear) be¬ 
cause the viscosities of such solutions in general depend on the rate 
of shear. Consequently, equation 5a was used to correct the observed 
pt products, and viscosities were calculated as: 

^ ^calc.'^^obs.^^ 

Any remaining dependence of viscosity on driving pressure was as- 
sumedto be that Inherent in the structure of the solute. It should also 
be mentioned that, with our viscometer and pressure range, the cor¬ 
rection of equation 5a is negligible for viscosities greater than about 
2 centipoises, because the time then becomes large. 

A second viscometer (n) was also used: its constants were C = 
1.091 X 10-6, c'= 0.01615, and \/p 1.480 x 10^ - 2.73 x 10-5 (pt/p )2 

Materials 


Copolymers and Salts 

The monomers, 4-vinylpyrldine (Reilly Tar and Chemical Cor- 
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poratlon), and styrene (Dow N-99), were redistilled under vacuum 
shortly before use, in order to separate them from inhibitor and ox¬ 
ygen. Copolymerizations were carried out in 20% toluene solution at 
80° with 1% of benzoyl peroxide as catalyst; the toluene had previously 
been boiled to eiqpel oxygen and the reaction vessel was swept out with 
nitrogen. Presence of oxygen invariably gave reddish products. The 
polymerizations were usually internqpted after about 30% conversion 
or less, so that the composition of the products would be reasonably 
uniform. The copolymers were then precipitated. Since styrene is 
noiq>olar and pyridine is quite polar, each different copolymer re¬ 
quired a different treatment, because polar liquids are obviously sol¬ 
vents for the pyridine-rich copolymers and precipitants for the sty¬ 
rene-rich compounds, while the reverse is true for nonpolar liquids. 
It therefore is necessary to describe the procedure for each copoly¬ 
mer separately. 

Analyses of the purified copolymers for nitrogen were made by 
the semimicro-modification (11) of the Dumas combustion method. 
(Kjeldahl (12) analyses were hopelessly erratic.) It was necessary to 
match the amount of reprecipitated polystyrene used as blanks rather 
closely to the amount of copolymer sample used, because the size 
obviously must increase as the vinylpyridine content decreases, and 
the magnitude of the blank correction depended on the size of hydro¬ 
carbon sample burned. Unless care is taken, the combustions tend to 
go too rapidly towards the end; we foimd it necessary to take as much 
as three hours for a 150-mg. sample. 

Giventhe nitrogen content expressed as the fraction f of nitro¬ 
gen by weight, the mole fraction F of vinylpyridine in the copolymer 
may be calculated. If we have m moles of vinylpyridine and n moles 
of styrene, then by definition: 


Since: 


F = 111/(111 + n) 
r = inN/(mP ♦ nS) 


(7) 


where N,P, and S stand for the corresponding molecular weights, we 
have: 


F = fS/(N - Pf + St) 


( 8 ) 


which simplifies to: 


F = Sf/(N - f) 


(8a) 


Since styrene and vinylpyridine differ by unity in molecular weights. 
By differentiation, we find the error AF in F due to an (absolute) er¬ 
ror A f in f to be: 


AF = n20Af/(14 - f)® 

or approximately: 

AF = 5.7Af (9) 

because f can never exceed 0.133, the fraction of nitrogen in vinyl¬ 
pyridine. 

Salts were prepared from the copolymers by addition of n-butyl 
bromide (Eastman), which was washed with 5% sodium carbonate sol¬ 
ution and water, treated with Drierite, and distilled. The addition of 
alkyl halides to amine nitrogen (13,14) is favored by the presence of 
polar solvents. Butyl bromide is itself a good solvent for copolymers 
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containlt^ up to about 40% vlnylpyridine, but the corre^onding salts 
are insoluble. Conversion of the polar pyridine nitrogen to an elec¬ 
trolytic pyridonium nitrogen enhances the problem of solvent medium, 
because the styrene part of the molecule is insoluble in liquids which 
are good solvents for electrolytes. After some preliminary eiqieri- 
ments, nitromethane was chosen as solvent to be used in increasing 
amounts as the fraction of vinylpyridine in the copolymer increased. 
Some side reaction, involving the aci — form of nitromethane was ex¬ 
pected; in order to avoid pyridonium salts of CH 2 =N 02 in the pro¬ 
duct, an excess of butyl bromide over pyridine content was always 
used, so that the irreversible quatemization reaction would prevail. 
For the samples with high styrene content, it was foimd necessary to 
add some dioxane to keep the system homogeneous. Again, each com¬ 
position presented a special problem, and details of the syntheses will 
be given for each compound. 

Some of the salts were analyzed for bromine by the Parr semi¬ 
micro-bomb method (15). However, the method was inconvenient for 
the styrene-rich copolymers because the sample became awkwardly 
large. Furthermore, we preferred to use a method which would ana¬ 
lyze for only bromide ion, rather than total bromine, to make certain 
that no side reactions had occurred. Conductimetric titration in 50-50 
dioxane-water solution of a 5% vinylpyridine copolymer with aqueous 
silver nitrate gave fair results, but equilibrium was slow in establish¬ 
ing itself. (This time lag was possibly a measure of the rate of ex¬ 
change of bromide ions within the chain electrolyte with nitrate ions 
in the solution.) A simplified potentiometric method was then devised. 
As electrodes, a silver wire and a Beckman glass electrode were used, 
and voltages were read on a Beckman pH meter. The sample was dis¬ 
solved in 50-50 water-acetone (redistilled), to which a few drops of 
concentrated nitric acid were added (to keep the potential from sii^ng- 
ingthroughzero.) The solution was stirred constantly during the add¬ 
ition of aqueous silver nitrate; equilibrium was attained quite r^idly, 
and very sharp breaks of about 150 mv. characterized the end-point. 
The method was checked by titrating potassium bromide test samples. 
One sample of copolymer salt (No. 6.6) was analyzed by both methods 
withthe following results: Parr, 4.66, 4.71% Br; potentiometric, 4.79, 
4.81% Br. 

Given the weight fraction of bromine f' in the salt. 


f' = * Br/(nS + bP + n BuBr) 

the mole fraction F of vinylpyridine in the copolymer salt is: 

F = Sf*/[Br - (BuBr + P - S)f*] 


( 10 ) 


= 104.15 f'/(79.92 - 137.02 f) 

and the error A F corresponding to an absolute error A F in bromide 
content is foimd to be: 

AF = 8320 AfV(80 - 138 f')® 

a quantity which can vary from zero to 7.0 times Af ^ According to 
equations 9 and 11, we see that the calculated copolymer composition 
is quite sensitive to both nitrogen and bromide content. 

We now proceed to a detailed description of the different co¬ 
polymers and salts: for convenience in reference, the following table 
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glyes our sample numbers and mole fractions of vinylpyiidine calcu¬ 
lated from bromide content in the compounds used. In this paper, the 
code numbers of the second column will be used; they are the rounded 
mole percentages of vinylpyridine in salts. 


TABLE II. Ccaaposltion of Copolymer Salts. 


Sample 

Code 

Br, $ 

Method 

F 

C 51 

1.5 

1.145 

Ptm. 

0.0152 

B 9 ^ 

6.3 

U.49 

Parr 

0.0632 

B 13 ‘^ 

6.6 

4.68 

Parr 

0.0664 

B 41 

13 

8.48 

Ptm. 

0.130 

B 132 

26 

14.69 

Parr 

0.256 

C 125 B 

58 

25.25 

Ptm. 

0.585 

C 125 C 

78 

29.40 

Ptm. 

0.778 

CI32 

90 

31.6 

Ptm. 

0.898 


Salt No. 1.5. A mixture of styrene and vinylpyridine containing 
0.99 mole per cent of the latter was heated for 8 hours at 80° in 20% 
toluene solution. The polymer was precipitated as a gum by pouring 
the solution into 2 volumes of methanol. The gum was dissolved to 
give a 17% solution in methyl ethyl ketone which was precipitated in 5 
volumes of methanol. The resulting granular precipitate was redis¬ 
solved in methyl ethyl ketone (5% solution) and reprecipitated in 5 vol¬ 
umes of methanol; yield, 29.5%. 30 g. of vacuum-dried copolymer was 
then heatedfor 22 hours at 80° under a nitrogen atmosphere in a mix¬ 
ture consistii^ of 140 g. nitromethane, 160 g. dioxane, and 6.7 g. butyl 
bromide. The solvent was then removed under low pressure at 60° 
and the residue taken iq) in methyl ethyl ketone to give a 30% solution. 
A gum was obtained when this solution was poured into 5 volumes of 
methanol. The gum was made iq) to 5% solution in benzene; a dry, 
porous powder was finally obtained by subliming the benzene as rec- 
ommendedby Lewis and Mayo (16). The product is soluble in ketones, 
dioxane and benzene, swells in nitrobenzene and alcohol, and is in¬ 
soluble in petroleum ether and water. 

Salts No. 6.3 and 6.6. The feed was 4.72 mole per cent vinyl¬ 
pyridine. Samples were taken at 8.5, 9.5, and 21.5 hours, with con¬ 
versions 27.0,30.9, and 34.3%. Ethanol was found to be the best pre¬ 
cipitant for the 5% vinylpyridine range. Accordingly, the 20% toluene 
reaction mixture was poured into 5 volumes of ethanol; the resulting 
precipitate was redissolved to 5-10% solution in methyl ethyl ketone 
and reprecipitated in 5 volumes of ethanol. Salts were made by heat- 
ingfor at least 20 hours at 80° in 10% solution in a 3:1 mixture of ni¬ 
tromethane and butyl bromide. The solvent was then evaporated under 
vacuum, and the residue made iq) to 10% solution in acetone. On pour¬ 
ing into 4 volumes of petroleum ether, a gum was obtained which was 
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dissolved in benzene. On subliming the benzene, a fine, porous pow¬ 
der was obtained. Two samples of salt No. 6.3 were analyzed for bro¬ 
mine by the Parr method; fo\md, 4.55 and 4.43% Br, average 4.49%. 
The Dumas nitrogens on two samples of the parent polymer were 0.856, 
0.857%, from which the calculated bromide content of the salt was 
4.50%, in excellent agreement with the value found in the Parr ana¬ 
lyses. The salt is soluble in nitromethane, ketones, and dioxane, dis¬ 
perses in benzene, and insoluble in petroleum ether, tert-butanol, 
and water. 

Salt No. 13 . The feed was 9.95 mole per cent vinylpyridine, heat¬ 
ing time 6 hours, conversion 29.4%. The reaction mixture was pre¬ 
cipitated in 5 volumes of petroleum ether; the resulting gum was made 
up to 10% in toluene and reprecipitated in 5 volumes of petroleum ether. 
The gummy precipitate was then made up to 10% solution in methyl ethyl 
ketone andprecipitated in 10 volumes of petroleum ether. The last step 
was repeated once. To prepare the salt, 4.5 g. copolymer, 10 ml. 
butyl bromide, and 50 ml. nitromethane were heated for two days at 
80°, after which the solvent was removed by evaporation under vacu¬ 
um. This sample was used without further purification. 

Salt No. 26. The feed was 19.86 mole per cent vinylpyridine, 
heating time 5 hours, conversion 18.4%. A yellow gum was obtained 
by precipitation of the toluene reaction mixture in 1.5 volumes of pe¬ 
troleum ether; made up to 10% solution in methyl ethyl ketone and 
precipitated in 10 volumes of petroleum ether, a white gum was ob¬ 
tained. On sublimation, a 5% solution in benzene left a porous pow¬ 
der. The product was made up to 4.2% solution in a 95:5 mixture of 
nitromethane and butyl bromide. After heating for 41 hours at 80°, 
the reaction mixture was poured into 3 volumes of dioxane. The oil 
which separated was made up to 15% solution in nitromethane, and, 
on pouring into 12 volumes of dioxane, a heavy resin separated. The 
resin was dispersed in water; addition of dioxane gave a clear solu¬ 
tion, although the resin is not soluble in dioxane alone. The solution 
was evaporated, and the residue dried to a constant weight in vacuum 
at 40°. It is insoluble in petroleum ether, benzene, and ketones. Parr 
analyses gave 14.76 and 14.62% Br, average 14.69%. From this, we 
calculate 3.22% nitrogen in the parent polymer, which compares fa¬ 
vorably with 3.18% found. 

Salt No. 58. The feed was 59.8% vinylpyridine; after 1.3 hours, 
polymer started to precipitate and the reaction was terminated by 
pouring into 3 volumes of petroleum ether. The resulting gum was 
made up to 5% solution in methyl ethyl ketone and reprecipitated in 
petroleum ether. No combination of solvent-precipitant could be found 
which would give a granular precipitate. With the vinylpyridine con¬ 
tent so high, the polymer is no longer soluble in benzene. We found 
tert-butanol (m.p. 25.4°, b.p. 82.8°) to be a good solvent for the poly¬ 
mer, however, and its constants are such that the I^wis-Mayo (16) 
technique works very well. A 4% solution of the copolymer tert-bu¬ 
tanol left a porous powder on sublimation of the frozen solvent. Salt 
was prepared heating a 3% solution of the polymer in 80-20 nitro- 
methane-butyl bromide for 112 hours at 50°. The reaction mixture 
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was precipitated as an oil by pouring into 10 volumes of dioxane. The 
oil was diluted to 2.5% in ethanol, and a precipitate was obtained on 
pour ing into 20 volumes of dioxane. As usual, the salt was dried to 
constant weight in vacuum. Salts containing more than about 20% vinyl- 
pyridine are hygroscopic and must be k^t in desiccators. This salt 
in soluble in alcohols and water. 

Salt No. 78. The feed was 79.8 mole per cent vinylpyridine; after 
50 minutes, solid started to precipitate and the reaction was termi¬ 
nated by pouring the mixture into three volumes of petroleum ether. 
The yieldfor this polymer (and the previous one) was only about 6-7%; 
the low conversion was, of course, due to the quenching. The gum was 
made up to 7% solution in tert-butanol and recovered as a porous pow¬ 
der by lyophile drying. Salt was prepared by heating for 112 hoiirs at 
50° in 2.5% solution in an 80-20 nitromethane-butyl bromide mix¬ 
ture. The product was precipitated in 10 volumes of dioxane and re- 
precipltatedfrom2.5%ethanolsolution in 10 volumes of dioxane. The 
properties are similar to those of No. 58. 

Salt No. 91. This salt was preparedfrom the polyvinyl pyridine 
describedby Fuoss and Strauss (l),by heating a 4% solution in 80-20 
nitromethane-butyl bromide for 112 hours at 50<^. Purification was 
as previously described. Dumas nitrogen on the salt was 5.52%, vs. 
5.79%theoretlcal, i.e., 95.3% of theoretical. Potentiometric bromide 
onthesaltwas31.3,31.6,31.8%, average 31.6%, vs. 33.02% theoretical, 
i.e., 95.2%theoretical. Hence there is one bromide ion for each nitro¬ 
gen atom in the polysalt. If we calculate F, the mole fraction of vinyl¬ 
pyridine from the observed bromide content by equation 10, we obtain 
0.898. Theapparentcontradlction(cf. equation 11)between 95.3% and 
89.8% “purity’Mies,of course,in thefact that the former figtire refers 
to composition by weight and the latter to mole fraction. In order to be 
self-consistent, we shall calculate polyelectrolyte concentrations as 
actual grams of (''inq>ure’') salt per 100 ml. solution (C) or as stoich¬ 
iometric equivalents (c) of bromide per liter, the latter figure being 
based on the bromide analysis. When we compare different copoly¬ 
mers, we shall use the mole fraction scale F, based on equation 10 
and the bromide analyses, dei^ite the fact that this puts the salt of 
polyvinyl pyridine at 0.9 instead of at 1.0 on the 0-1.0 styrene-vinyl- 
pyridine scale. 

Cross-Linked Copolymers . By adding ethylene dibromide to 
our copolymers in nitromethane solution, we obtained cross-linked 
gels which were completely insoluble in all solvents tested. The ni¬ 
tromethane could be removed under vacuum, leaving the resin as a 
brittle porous solid. These resins are, of course, insoluble, because 
pyridine nitrogens in different chains are linked by dimethylene groups. 
We thus have a strong electrolyte as an insoluble resin, with anchored 
cations and diffusible anions. Further investigation of these anion 
exchange resins is in progress.* 


*The compounds described above are specific examples of a general 
class of anion exchange resins, in which a polymer containing ter¬ 
tiary nitrogen groiq)s is cross-linked by the addition of dihalides. A 
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The above description shows that the properties of the copoly¬ 
mers and their salts gradually shift as we go from styrene-rich to 
pyridine-rich compounds. Toluene and other aromatics are good sol¬ 
vents for the polymers up to about 50% vinylpyridine, methyl ethyl 
ketone up to about 80%. Dioxane and butyl bromide are solvents up 
to 40%. Nitromethane is a good solvent in the intermediate range 
20-50%; addition of butyl bromide increases the solvent power. 
Methanol or ethanol precipitate polymers with less than 5% vinyl¬ 
pyridine; the intermediate range swells in alcohols; and the pyridine- 
rich polymers are soluble. None are soluble in petroleum ether. 
The salts start by being soluble in dioxane and insoluble in water and 
nitromethane. As the content of vinylpyridine increases, these 
roles are reversed. 


Solvents 

Dioxane . Elmer and Amend dioxane was refluxed over sodium 
hydroxide and distilled. Final drying was over sodium, from which it 
was distilled through a 1 x 18-in. Stedman column. The middle frac¬ 
tion, boiling at 100.8-100.9° was used. Its conductance was about 
10*1 < mho. 


Nitromethane . Elmer and Amend nitromethane was dried over 
pho^horuspentoxide and distilled through the Stedman column. B.p. 
100.8 - 100.9°. The conductance wasl-5xl0-7 mho immediately after 
distillation; it increased slowly on standing, perhaps due to shift of 
nitromethane to the aci-form, which is ionogenic. The viscosity also 
varied slightly with time; extreme values were 0.6208-0.6236 cp. The 
viscosity of this solvent was accordingly checked before or after each 
run in order to avoid spurious values of relative viscosity. 

Solvent densities were measured at 25°. The following values 
were found: dioxane, 1.027; 60.0 dioxane - 40.0 nitromethane, 1.064; 
40.0-60.0,1.084; 17.0-83.0,1.103; nitromethane, 1.124. 

Dielectric constants of a series of dioxane-nitromethane mix¬ 
tures were also determined, using the Shedlovsky bridge (17) as a sub¬ 
stitution bridge with a calibrated air condenser parallel to the cell. 
Corrections for lead capacity were made by measuring the edacity 
of the system with several liquids of known dielectric constant (air, 
toluene, acetone, and nitromethane) in the cell. The results are sum- 
arized in Table m. 


m. RESULTS 

Copolymerization Constants 

From our data on conversion and nitrogen content of the copoly¬ 
mers, it was possible to calculate the copolymerization constants (3) 
r^ and r 2 , using the method of Lewis and Mayo (18). In Table IV are 
given in successive columns the mole per cent vinylpyridine in the 
feed, the percentage conversion at the time the samples were taken, 
the percentage of nitrogen in the copolymer obtained, the mole per 

patent letter describing these resins has been sent to the legal de¬ 
partment of the Office of Naval Research. 
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TABia III. Dielectric Craistante of Hltromethane-Dloxaiie 
Mixtures. 


CHsNOfe, vt. $ 


CEs^Zf "wt. ^ 

e' 


0 . 0 . . . . 

. . 2.2 

73.5. 

28.4 


38.8. . . . 

. 15.6 

82.0. 

31.9 


52.2. . . . 

. 20.3 

89.9. 

35.0 


64 . 1 . . . . 

. 24.7 

100.0 . 

39.4 


cent of vinylpyridine in the copolymer, the values of the arbitrary 
parameter p, and the corresponding values of rj and t 2 calculated 
by means of equations 12 and 13 of the reference Just cited. The cor- 
re^>onding test plot is given in Figure 3 ; from the intersections, we 

Ti » 0.52 ± 0.06 

r. = 0.62 ± 0.02 

which means that each monomer has a higher probability of adding to 
the free radical derived from the other monomer. 

TABLE 17 . Calculation of Cqpolyinerizatian Constants. 


Feed Yield 

N, i 

F P 


Tz 

4.72 27.0 

0.8905 

6.62 0.1 

0.963 

0.628 



2.0 

0.210 

0.605 

4.72 54.3 

0.8566 

6.37 0.5 

0.819 

0.658 



2.0 

0.242 

0.621 

19.83 26.5 

3.18 

25.7 0.5 

0.843 

0.686 



2.0 

0.120 

0.560 

39.8 27.4 

5.49 

40.9 0.5 

0.927 

0.855 



1.2 

0.545 

0.621 


Osmotic Pressures 


We are indebted to Dr. Wilhelm Albrink of the Yale Medical 
School for measurements of the osmotic pressures (19) of two copoly¬ 
mers and of a sample of polystyrene in methyl ethyl ketone at 25°. 
All three polymers were obtained by solvent polymerization at 80o in 
20% toluene solution at conversions of about 30%. Polymer 5E con¬ 
tained 6.37% vinylpyridine and 6D 40.9%, as calculated from Dumas 
nitrogens of 0.857% and 5.49%. The data are given in Table V together 
with the molecular welj^ts Mn calculated from the intercepts at ir= 0 
on v/w — w plots. Here TT is osmotic pressure in centimeters of sol¬ 
vent and w is concentration in grams solute per kilo solution. We re¬ 
call that polyvinylpyridine prepared under similar conditions (1) had 
a number-average molecular weight of 77,000. For our present pur¬ 
poses, it seems safe to assume that the molecular weights of the co¬ 
polymers used in this research were in the range 50-80,000. 
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Fig. 3. Deternlnatlon of copoiymerlzatlon constants. 
Viscosities of Copolymers 

In order to obtain a comparison between the different copoly¬ 
mers, viscosities were determined in methyl ethyl ketone at 24.8°. 
A sample of the polystyrene used for osmotic pressure determination 
was also measured in methyl ethyl ketone and in toluene. The intrin- 

TABLE V. Osmotic Pressures and Molecular Weights. 


w 

K 

rc /w 

Polystrene, 

10.16 

4.94 

0.495 

5.75 

2.82 

0.503 

5.07 

1.54 

0.500 

0.00 


(0.500) 

Copolymer = 80,000 

8.49 

3.36 

0.594 

6.?5 

2,55 

0.576 

5.35 

1.16 

0.548 

0.00 

— - 

(0.317) 

Copolymer 6 D, = 72,000 

9.51 

3.28 

0.35 

5.19 

1.66 

0.52 

3.09 

1.20 

0.38 

2.94 

1.09 

0.37 

0.00 

— 

( 0 . 35 ) 
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sic viscosities are all low and of the same order of magnitude, in¬ 
dicating that the molecular weights are all in the same range. There 
is, perhaps, a slight upward trend with increasing vinylpyridlne con¬ 
tent. These results are summarized in Table VI. 

TABIE VI. Intrinsic Viscosities of Cppolymers in Methyl Khyl 
Set one. 


vipy, i [nl ViPy, 1> [ti] vipy, $ h] 


0 . 0.128 5 . 0.139 20 '. . . . 0.172 

0* ... . 0.163 10.0.141 30 ... . 0.145 

1.0.131 20.0.160 40 ... . 0.153 


’Polystyrene In toluene 

Viscosities of Polyelectrolytes 

The eiqierimental results for a variety of systems are sum¬ 
marized in Tables Vn—xn, in which concentrations C (grams solute 
per 100 ml. solutions) and reduced viscosities z ^/C are given. 

TABES VH. Viscosities of Polysalts in Methyl Ethyl 
Ketoae. 


0 


Salt No. 1.5 


0.264 .0.1633 - 0.0039 

0 . 564 .. 0.1601 - 0.0019 

1.279..0.1658 - 0.0009 

1.835.0.1693 - 0.0007 

2.46 .0.1789 - 0.0006 

3.30 . 0.1890 - 0.0005 


Salt No. 6.6 


0.497..0.1472 i' 0.0022 

0.920..0.1382 - 0.0012 

2.20.0.1588 - 0.0006 

2.85 . 0.1673 - 0.0005 


For the systems reported here, no d^endence of viscosity on rate of 
shear was found within the limit of experimental error. 
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TABES VIII. Viscosities of Polysalts in Nltromethane. 


c 


c 


c 


Salt No. 6.6 

Salt 

No. 26 

Salt No. 

90 

0.0339 

0.599 

0.0122 

3.52 

0.00122 

6.05 

0.1399 

0.380 

0.0421 

2.06 

0.00602 

3.85 

0.613 

0.241 

0.1511 

1.210 

0.01760 

2.54 

2.39 

0.182 

0.702 

0.686 

0.0252 

2.22 



3.135 

0.454 

0.1185 

1.276 





0.1963 

1.043 

Salt 

No. 13 

Salt 

No. 58 

0.579 

0.704 

0.0902 

0.890 

0.00365 

4.76 



0.1925 

0.681 

0.01827 

2,72 



■ 0.1*35 

0.510 

0.0784 

1.453 



0.909 

0.400 

0.337 

0,807 



2.15 

0.312 

1.594 

0.470 




IV. DISCUSSION 


In methyl ethyl ketone (Table vn), Salts 1.5 and 6.6 give reduced 
viscosities which are of the same order of magnitude as those of the 
parent polymer. There is, however, a significant difference in the 
shapes of the curves; while the z - C curves for all the neutral poly- 

TABLE IX. Viscosities of Salt No. 26 in Solvent Mixtures, 

I. 83.0 CHaNOa - 17.0 C4H802, no = 0,006591 

II. 60.0 CH3NQ2 - *^0.0 C^Oz, Ho = 0.007292 




0.0561 

1.279 

0.1029 

0.545 

0.1298 

0.925 

0.1858 

0.444 

0.248 

0.744 

0.357 

0.356 

0.465 

0.600 

0.682 

0.302 

1.012 

0.468 

1.572 

0.252 

2.090 

0.389 
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TABIiE Z. Viscosities of Salt No. 90 in Solutions of 
Tetratutylaamonium Bromide in Nltrcmethane. 



I. 10"3 N BU4N Br 

II. 10‘2 H ButN Br 

III. 10“^ N BU4N Br 

, = 0.006249 

, T\. - 0.006289 

, Tio = 0.006742 



I 

II 

* 

c 


c 


0 . 02 l ;3 

0.510 

0.0281 

0.204 

0 . 059 ^^ 

0.565 

0.1063 

0.262 

0.0961 

0.588 

0.310 

0.278 

0.1160 

0.597 

0.834 

0.288 

0.242 

0.580 

2.160 

0.296 

0 . 3^^2 

0.573 

III 


0.469 

0.556 

0.1462 

0.1395 

0.636 

0.530 

0.275 

0.1536 

1.099 

0.484 

0.475 

0.1581 

1.907 

0.429 

0.940 

0.1625 


mers in this solvent are of the familiar linear type, the curves for 
the salts show a shallow minimum below about 1% concentration. As 
we go to solvents of higher dielectric constant, this tendency of the 
reduced viscosity to inc^ase with dilution becomes more marked, 
and with nitromethane ( e*= 39.4), the reduced viscosity of the poly- 
electrol 3 rte is better than an order of magnitude larger than the in¬ 
trinsic viscosity of the parent polymer. This behavior seems to be 
general for strong electrolytes of high molecular weight: Heidelberger 
(20) found it for the sodium salt of Type in pneumococcus polysac¬ 
charide in water, Staudinger (21) for sodium polyacrylate in water, 
and we have observed it for a number of systems, aqueous and non- 
aqueous. 

The viscosity rises so rapidly with dilution that the conventional 
z - C scaleisuselessfor a presentation of the data. Since long range 
electrostatic forces are obviously involved, it seemed logical to look 
for a square root term in the viscosity function; our first approxi¬ 
mation (1) suggested a linear dependence of ijgp/ ^in but fur¬ 

ther investigations in more dilute solutions sh^ed that this function 
was too simple. Based on the data of Tables vm and DC, we find that 
the following equation reproduces the e^qperimental results for all of 
the polyelectrol]rtic systems which have been studied: 


z 



A 

1 + 


+ D 


( 12 ) 
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Here A, B, and Dare empirical constants. WhenD is negligibly small 
comparedtoz, a plot of 1/zis linear in the square root of concentra¬ 
tion and A and B may be determined from the slope and intercept. 


TABIE XI. Viscosities of Salt No. 26 in Soluticms of 
Tetrabutylammonium Bromide in Nitromethane. 



I. 

10‘3 

N BU4N Br, r\o = 

0.006259 


II. 

10 

N BU4N Br, no = 

0.006289 


Ill 

. 10'^ 

N BiiiN Br, no = 

0.006742 


I 



II 

c 


\J'= 

C 


0.0489 


0.605 

0.01420 

0.231 

0.0868 


0.67B 

0.1629 

0.315 

0.1261 


0.681 

O.kkk 

0.351 

0.13141 


0.688 

1.207 

0.367 

0.1761 


0.685 

5.005 

0.574 

0.2145 


0.685 


III 

0.250 


0.684 

0.140 

0.192 

0.323 


0.665 

0.261 

0.194 

0.592 


0.657 

0.457 

0.200 

0.545 


0.621 

0.795 

0.205 

1.080 


0.645 



1.151 


0.556 



3.I4I 


0.436 




WhenD is not negligible, it can be determined to first appro;dmation 
as the intercept ate =ooon aplot of z against C"^/^ as shown in Fig¬ 
ure 4 for Salt 26 in three different solvents. Having determined D, 
several methods of obtaining A and B are possible. A plot of l/(z - D) 
= 1/z' is linear in \/C^, as is shown in Figure 5 for the systems treated 
in Figure 4. This method gives a very good value of B/A as the slope, 
but when A is large, the intercept 1/Ais almost invisible. Further¬ 
more, the plot is not very sensitive to D. Its advantage is that most 
weight is given to points in the range of higher concentrations where 
the precision is better. A second method is to calculate: 

y = (z - D)C*'= ( 13 ) 

and plot 1/y against 1/ \/iC asis shown in Figure 6 for Salt 26 in the 
83% nitromethane - 17% dioxane mixture. The three curves shown 
correspond to D = 0.15, 0.18, and 0.20. It will be noted that the plot 




114 RAYMOND M. FUOSS AND GEORGE I. GATHERS 


forD= 0.18 Is approximately linear, while that for D = 0.20 runs con- 
cave-iq;>ward and for D = 0.15 concave-downward. This plot is much 
more sensitive thanthe first one described, and permits determination 
of both A and B as well as D. It magnifies e^erimental errors and 
heavily weights the data at low concentrations in determining A from 
the slope. Here a good value of B/A (as intercept) is again obtained, 
and since the curvature is so sensitive to D, a reliable value of this 
constant can also be found. 

The constants for the systems of Tables VIH and IX are given 
in Table XIH. It will be noted that the values of D are uniformly small 
and about the same size as the intrinsic viscosities of the parent poly¬ 
mers. Unfortunately the data for Salt 26 in two solvents scattered so 



0 


2 




4 


6 


Fig. 4. Determination of constant D tor Salt 26 In 60-40 
(S), and 83-17 (0) nltromethane-dloxane mixtures and In 
nltromethane (0). 


badly that only D and the ratio B/A could be determined. If we dis- 
regardthis gap in the series, we see a trend of A toward larger val¬ 
ues as the fraction of vinylpyridine increases. This seems reason¬ 
able if we recall that at zero concentration, z ^iproaches Zq = (A-t-D), 
and zo the limiting reduced viscosity is the analog of t'Jjl, the in¬ 
trinsic viscosity of ordinary polymers. Since D « A, zo » A, and 
if we assume that A is a measure of the polymer coil at infinite 
dilution, we would ezpect A to increase with vinylpyridine content in 
the copolymer because intramolecular Coulomb repulsion between like 
charges must necessarily increase as the pyridonlum content rises, 
and the chain will open up more the higher the charge concentration. 

If we assume that Ais the same for Salt 26 in the three solvents 
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studied (with dielectric constants 39.4,32.1, and23.1),then the change of 
B/A measures the change of the electrostatic term B >1^ with changing 
solvent. It will be seen that B/A increases as the dielectric constant 
of the solvent decreases; enq)irlcally, not quite as fast as {1/e' )^. 
This result also seems reasonable because electrostatic interaction 



Fig. 5. Test of equation 11 (sane code as Figure 4). 

increases in intensity as the dielectric constant of the medium 
decreases. Given these clues to the possible physical significance 
of the terms in equation 11, we can now plan a more systematic attack 
on the problem than the present exploratory survey. 

If the viscosity data for the different copolymers are plotted on 



Fig. 6. Test of equation 12. 


any scale, it will be observed that there is not much difference be¬ 
tween the curves for Nos. 90, 58, and 26 in the finite range of concen¬ 
trations. This is perhaps best substantiated by the fact that B/A for 
these three salts has the values 2.42,2.48, and 2.60, rei^ectively. Salt 
90 has an ionic group in (nearly) every monomer imit. Salt 58 has three 
out of five, and Salt 26 one of four. This must mean that the configura¬ 
tion of these three salts in solution must be not greatly different, des- 
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pite the large difference in the relative number of ionic centers. H 
no association occurred, we would e^ect Salt 90 to have the most ex¬ 
tended configuration, and this is probably true at infinite dilution. But 
at finite concentrations the pyridonium ions in the chain hold bromide 
ions in their vicinity by Coulomb attraction and the positive ions in 
these associated ion pairs cannot contribute to an expansion of the coil 
by mutual repulsion; as a matter of fact, the pairs act as dipoles and 
may well compress the coil by dipole-dipole attraction. Consequently, 
in the range of high vinylpyridine content, we have two competing in¬ 
fluences; potentially, the pyridonium groups could repel each other 
and open the coil, while actually their high charge density draws neg¬ 
ative coimter ions into the coll and permits it to contract. It is only 
when the relative spacing of pyridine groups along the copolymer chain 
becomes large enough to weaken electrostatic interaction that a change 


TABIE XII. Viscosities of Polysalts in 10~® N Solutions of 
Tetrabutylammonium Bromide in Nitromethane. 


I, Salt No. 6.6 

II, Salt No. 58;n o = O.OO62IH 

I 


II 


c 

n /c 

c 

r \ Jc 


sp 


SF 

0.l61f4 

0.1690 

0.0761 

0.512 

0.235 

0.1850 

0.1511 

0.554 

0.554 

0.1888 

0.255 

0.560 

0.465 

0.1880 

0.440 

0.536 

0.781 

0.1860 

0.590 

0.517 

1.644 

0.1752 

0.875 

0.481 

, 


1.079 

0.462 



1.915 

0.410 


of viscosity with copolymer ratio becomes apparent; at 13% vinylpyri¬ 
dine, B/A is 3.88 and at 6.6% has risen to 8.85. The limit B/A =oo 
corresponds, of course, to an uncharged polymer, for which, in our 
notation, z = D. 

Incidentally, this argument suggests the presence of a linear 
terminequationl which could become visible at low chain electrolyte 
concentrations. Unfortunately, the 1.5% salt was not soluble in nitro¬ 
methane. However, the data in methyl ethyl ketone clearly show a 
tendency for a linear increase in z with C once the minimum is pass¬ 
ed. No direct comparison is possible because the two solvents differ 
so widely in dielectric constant, and ion association at a given salt 
concentration is therefore very different. 

We finally turn to a consideration of the effects of other electro¬ 
lytes on the hydrodynamic properties of the polyelectrolytes. It has 
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been shown (1) that excess simple electrolytes such as potassium bro¬ 
mide will eliminate the sharp rise of reduced viscosity at low poly- 
electrolyte concentration and eventually convert the z - C curves into 
linear plots. It seemed of interest to determine whether a similar 


TABLE XIII. Empirical Constants for Copolymer Salts 
in Nitromethane 


No. 

D 

b/a 

B 

A 

6.6 

0,11 

8.83 

20.6 

2.33 

13 

0.l4 

3.88 

27.2 

7.00 

26 

0.23 

2.60 

- 

- 

26® 

0.18 

3.26 

20.4 

6.25 

26 ^ 

0.13 

7.60 

- 

- 

38 

0.13 

2.1t8 

58.2 

15.^ 

90 

0.18 

2.42 

27.9 

11.6 

^ 83 - 1 ',' 

nit romethane-dloxane 


60-if0 nitromethane-dioxane • 



behavior would be found in nonaqueous systems. Tetrabutylammonium 
bromide is a simple one-one electrolyte soluble in a variety of non¬ 
aqueous solvents such as nitromethane. As can be seen from the data 



Fig. 7. Effect of added simple electrolyte 
(Salt 90, Table X). 

of Tables X-Xn and the example shown in Figure 7, a complete par¬ 
allel between aqueous and nonaqueous systems is found. A small a- 
mount of added electrolyte produces a maximum in the viscosity curve 
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and an excess converts it into an approximately linear curve. In 0.1 N 
tetrabutylammonium bromide solution, for example, the reduced vis¬ 
cosity is about the same as that of the parent polymer. The high con¬ 
centration of negative ions increases the association of bromide 
ions with the polyelectrolyte by a mass action effect and thus nulli¬ 
fies electrostatic repulsion within the chain, permitting it to curl up 
more tightly, and the lower space requirement is mirrored in the 
lower viscosity observed. 
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Synopsis 

A series of copolymers, of 4-vii^lpyridine and styrene, covering 
the range 1.5 to 100% vinylpyridine were prepared in 20% toluene 
solution at 80O. Strong electrolytes were then made hy the addition 
of n-butyl bromide in nitromethane solution. The salts with high 
vinylpyridine content were soluble in water, alcohols, nitromethane, 
and other polar solvents. Viscosities of the parent copolymers in 
methyl ethyl ketone were in the range 0.15-0.20; osmotic pressures 
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gave molecular weights in the range 50,000>80,000. The polyelectro¬ 
lytes in nitromethane and nitromethane-dioxane mixtures gave vis¬ 
cosity-concentration curves which were strongly concave iq>wards: 
at 1 mg./lOO cc., the reduced viscosity of the salt of polyvinyl- 
pyridine in nitromethane was 6.0. The salts of the different copolymers 
did not differ much in their viscosities at concentrations above a few 
tenths of a gram per 100 cc., a fact which shows a high degree of 
ionic association; only as zero concentration is approached, can the 
detailed polymer structure be seen. The extent of association at a 
given concentration is controlled by the amount of vinylpyridine in 
the copolymer and by the dielectric constant of the solvent. Addition 
of simple one-one electrolytes, such astetrabutylammonium bromide, 
suppresses the electrostatic increase in viscosity which otherwise 
appears at low concentrations. The following empirical equation: 

nsp/c • A/(i + b>/€) + D 

was found to fit the data for the different systems studied. The 
constant A depends on copolymerization ratio and probably on mole¬ 
cular weight; it is a measure of the extent to which the polymer coil 
can spread out at infinite dilution as a consequence of the intramole¬ 
cular Coulomb repulsion between charges attached to the chain. It 
is roughly several orders of magnitude larger than the intrinsic 
viscosity of the parent polymer. The constant B is a measure of the 
electrostatic forces and increases with decreasing dielectric constant 
of the solvent. 


Resume 

Une serie de copolymeres de la 4-vinylpyridine et du styrene 
ont ^e prepares en solution toluenique a 80°, avec des teneurs en 
vinylpyridine variant de 1.5 a 100%. Des electrol 3 rtes forts en ont 
ete faits par addition de bromure de butyle normal en solution dans 
le nitromethane. Les sels, contenant beaucoup de vinylpyridine, sont 
solubles dans I’eau, I’alcool, le nitromethane, et les autres solvants 
polaires. Les viscosites des copolymeres d’origine, mesur6es dans 
lamethylethylcetone, s’elevanth 0.15-0.20; les pressions osmotiques 
indiquentdespoids moleculaires de 50,000-80,000. Les polyelectro¬ 
lytes, dissouts dans le nitromethane et dans le melange nitromethane- 
dioxane, donnent des courbes, viscoslte/concentration, fortement 
concaves vers le haut;a 1 mgr./lOO cc., la viscosite reduite du sel 
de polyvinylpyridine s’eleve a 6.0 en solution dans le nitromethane. 
Les sels des diff^rents copolymeres ne different que peu dans leurs 
viscosities aux concentrations superieures a quelques decigrammes 
par 100 cc., ce qui prouve un degre §l§ve d’association ionique. 
Uniquement au concentration tendant vers zero, on se rapproche de 
la structure du polymere particulier considere. L’importance de 
cette association a une concentration d§terminee depend de la quantite 
de vinylpyridine presente dans le copolymere, et de la constante 
dielectrique du solvent. L’addition d'electrolytes (monovalents un-un) 
tel que le bromure de tetrabutylammonium, supprimel’accroissement 
electrostatique de la viscosite, qui d’autre part apparait aux falbles 
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concentrations. L’equation suivante r^ond aux mesures effectuees 
sur les systgmes consideres (formule empirique): 

ngp/C • A/(l + B/C) + D 

La constants A depend de la copolymerisation de depart et proba- 
blementdupoidsmoleculaire; c'estunemesure de la limite a laquelle 
lepolymere,ramassesurlui-mSme, pent s’etendre a dilution iniinle, 
par suite de la repulsion intramoleculaire entre les charges coulomb- 
iennes attachees a la chaine. En general, sa valeur est de plusieurs 
ordres de grandeur superieurs a la viscosite intrinseque du polymers 
d'orlgine. Laconstante Best une mesure des forceselectrost^iques 
et s’accroTt avec une diminution de constants dielectrique du solvant. 


Zusammenfassimg 

Eine Reihe von Misclq)Olymerisaten von 4-Vinylpyridin und 
Styrol mit einem Vinylpyridin Inhalt zwischen 1.5 und 100%wurden 
als20%Losungenin Toluol hergestellt und dann in starke Electrolyte 
durch Zugabe von n-Butylbromid in Nitromethan L&sung verwandelt. 
Die Salze mit hohem Vinylpyridin Gehalt waren in Wasser, Alkohol, 
Nitromethan und anderen polaren LSsemitteln loslich. ViskositSten 
der Ausgangspolymerisate in Methyl&thylketon lagen zwischen 0.15 
und 0.20, osmotische Drucke ergaben Molekulargewichte zwischen 
50,000 und 80,000. Die Polyelektrolyte ergaben in Nitromethan und 
Nitromethan-Oioxan Mischungen ViskositSt-Konzentrationskmrven die 
starknachobenzu gebogen waren: Bei 1 Milligram in 100 cc. war die 
innereViskositatdesSalzes von Polyvinylpyridin in Nitromethan 6.0. 
Die Salze der verschiedenen Mischpolymerisate underschieden sich 
wenig in ihren Viskositaten bei Konzentrationen die einige Zehntel 
Gram in 100 cc. (iberschritten, was auf hohe lonenassozierung hinweist; 
nur alsmaneiner Null-Konzentration nahekommit, konnen Feinheiten 
der Polymerstruktur beobachtet werden. Das Ausmoss der Assoz- 
iationbeieinergegebenenKonzentrationist von der Menge von Vinyl¬ 
pyridin in Misclqpolymerlsat und von der Dielektrischen Konstante des 
Losemittels abhangig. Zugabe einfacher ein-ein wertlger Elektrolyte 
wie zum Beispiel Tetrabutylammonium Bromid druckt die elektro- 
statische Viskosit'^s-Erhohung, die sonst bei niedrlgen Konzentra¬ 
tionen in Erscheinung tritt, herab. Die folgende empirische Formel: 

'^sp/C " A/(l ♦ B/C) + D 

beschreibt gut die Ergebnisse in den verschiedenen untersuchter 
^stemen. Die Konstante A ist vom Misct^olymerisations-Verh^tniss 
und wahrscheinlich auch vom Molekulargewicht abh^gig; sie ist ein 
Mass der Ausdehnbarkeit der Polymerenkette bei unendlicher Verdun- 
nung durch innermolekulare Coulombsche Repulsionskrafte zwischen 
den an die Kette gebundenen Ladungen. Sie ist einige Grossenordnun- 
gen grosser als die Innere Viskositat des Ausgangq)olymerisates. 
Die Konstante B ist ein Mass elektrostatischer Krafte und steigt mit 
sinkender dlelektrischer Konstante des Losemittels an. 
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INTRODUCTION 

Copolymers of styrene and vinylpyridine are very much like 
polystyrene in their behavior, except for obvious solubility differences 
due to the polarity of the pyridine groups. By adding alkyl halides 
such as n-butyl bromide to the copolymers, poly electrolytes are ob¬ 
tained, whose properties differ markedly from those of the neutral 
parent polymers. In the previous paper of this series, we described 
the hydrodynamic behavior of these synthetic polyelectrolytes, and 
showed how the presence of ionic groups on the polymer chain gave 
rise to a characteristic increase of reduced viscosity with increasing 
dilution. 

In this paper, we present the results of an investigation of the 
conductance of the same salts in solvents covering the range of di¬ 
electric constant from 2.2 to 40. The code numbers (1) of the salts are 
those used in the preceding paper and give in round numbers the mole 
percent F of vinylpyridine in the parent polymer. Conductances were 
measuredforthemostpart on the Shedlovsky (2) bridge; the Sobering 
bridge (3) was used for the measurements in dioxane where the resis¬ 
tances were quite high. With the Shedlovsky bridge, an Erlenmeyer 
cell (4) with bright platinum electrodes 2.5 x 1.7 cm. spaced 3 mm. a- 
partwas used; its constant was 0.05359. For the high resistances, a 
platinum test-tube cell (5) with constant 0.00696 was used. All meas¬ 
urements were made at 25.00°. 

RESULTS 

The experimental results are given in Tables I-VII. Concen¬ 
trations c are calculated as stoichiometric equivalents of bromide per 
liter rather than as grams solute per deciliter solution (C scale) as 
is conventional for most polymer work. Weprefer the c scale for the 
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presentation of conductance data because it is a direct measure of the 
ionic content of the solution, and it is the ions which carry the cur¬ 
rent. It must then be remembered that a given value of c corresponds 
to a weight concentration C which increases as F, the mole fraction 
of vinylpyridine decreases, because a given number of pyridonium 
groiQ)S carry increasingly more electrolytically inert styrene groups 
with decreasing F. The relation between the two concentration scales 
is given by: 


c = 10CF/[S + (P + B - S)F] (1) 

= 10CF/(104.15 + 137.02F) d') 

where 8, P, and Bare the molecular weights of styrene, vinylpyridine, 
and butyl bromide, respectively. Equivalent conductances A are then 
calculated by the definition: 

A = 1000 K/C (2) 

where ic is the observed specific conductance of the solution corrected 
for solvent conductance. 

Our original program of research was to cover the whole range 
of copolymer compositions in solvents covering as wide a range of 
dielectric constants as possible. It soon became evident, however, 
that only salts of styrene-rich copolymers could be studied in sol¬ 
vents of low dielectric constant, because the pyridine-rich compounds 
were insoluble; similarly, in solvents of high ^electric constant, only 
the pyridine-rich salts were soluble. We are at present Investigating 
other poly electrolytes which may have a wider range of solubility. 
Furthermore, adsorption effects were especially troublesome in sol¬ 
vents of low dielectric constant, and the conductance changed with 
time. The data given in Table I (dioxane) and Table n (ethylene di¬ 
chloride) are, therefore, only to be considered as preliminary ap¬ 
proximate values. In mixtures of dioxane and nitromethane, however, 
conductances were constant and reproducible, and adsorption errors 
could be eliminated with no more than the usual amount of care. We 
therefore feel that the data in the range 16 ^ £'1^40 are reasonably 
reliable. The nitromethane-dioxane mixtures used had the following 
dielectric constants at 25°: weight percent nitromethane 40, e'= 16.0; 
60%, 23.1; 83%, 32.1; 100%, 39.4. 

In most cases, several runs were made on each system. Both 
concentration and dilution runs were made; in the first, solid salt or 
salt solution is added to solvent in the conductance cell and here ad¬ 
sorption errors tend to make the conductance low in the dilute range; 
in the second, successive portions of solvent are added to a starting 
solution in the cell and here desorption errors tend to make the con¬ 
ductance high in the dilute range. Solvent conductances were always 
checked at frequent intervals and are given in the tables at the head 
of each run. Purification of solvents has been described in the pre¬ 
vious paper. For nitromethane, the conductance varied from 1.0 to 
15.0 X 10‘7, depending on how long it stood after distillation from phos¬ 
phorous pentoxide. Corrections for solvent conductance were in gen¬ 
eral held to a maximum of 5% and were usually much smaller; a batch 
of solvent was redistilled when its conductance became too high. 
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TABIE I. Conductance of 

Salt 1.5 in Dioxane, 

3 X 10^ A X 105 

c X 10® 

A X 10® 

/to = 2.4 X lO'^-* 

/t„ = 4.8 

X lO"^'* 

1.27 11.50 

0.532 

25.5 

5.96 5.10 

0.919 

15.18 

14.00 2.17 

2.62 

7.25 

Ko = 10.2 X lO"^'* 

9.21 

5.06 

51.4 1.629 

22.7 

1.88 

158.1 1.242 



450.0 0.975 



TABLE II. Conductance of 
Dichloride. 

Salt 6.6 in Ethylene 

Ko = 1.57 X 10 

”'10 


C X 10® 

A X 10® 


1.12 

10.55 


4.95 

12.41 


29.4 

8.91 


126.2 

6.50 


468 

4.15 



TABIiE III. Conductance of Salt 1.5 in 40 : 60 
Nitromethane-Dioxane. 


Ko -l.lxlO’’" 


c X lO'* Ax 10-* 


0.551 

27.7 

0.809 

24.9 

2.27 

20.4 

6.11 

15.81 

12.41 

12.81 

26.5 

9.96 
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TABLE IV. 

Conductance 

of Salt 6.6 in Nitromethane-Dioxane 
Mixtures. 

c X 10“* 

Ax 10 “ 

c X 10“* 

A X 10-* 

40;60 CH3N02-C4He02 

60:^0 CH3N02-C4H802 

K„ = 1.0 X lO"^ 

^0 = 

: 1.4 X 10 "^ 

0.556 

14.70 

0.526 

38.5 

1.010 

13.55 

0.733 

34.4 

2.05 

12.11 

1.880 

30.1 

4.50 

10.62 

4.99 

26.2 

7.10 

9.65 

11.90 

23.1 

11.81 

8.73 

25.6 

20.9 

27.5 

7.35 



TABLE V. 

Conductance of Salt 26 in Nitromethone-Dloxane 
Mixtures. 

c X 10“* 

A X 10 * 

0 X 10* 

A X 10-* 

40:60 CH 3 NO 2 -C 4 H 8 O 2 

60:40 CH3N02-C4H802 

= 1.1 X 10“^ 

^0 = 

2.5 X 10 "^ 

1.665 

2.96 

0.478 

14.51 

4.15 

2.67 

1.050 

13.18 

10.89 

2.52 

2.25 

11.98 

25.1 

2.05 

4.75 

10.88 

85:17 CH3N02-C4Hb02 

Ko = 

11.7 X 10 "^ 

Ko = 8.5 

X 10 "^ 

8.81 

9.30 

4.40 

23.1 

15.31 

8.90 

8.57 

21.6 

39.0 

8.25 

19.60 

19.9 

86.8 

7.75 

40.2 

18.8 




DISCUSi^ON 

Dependence of Conductance on Concentration 
Little more than a casual glance at the data of Table I-Vn is 
neededtoshowthatthe conductance of the poly salts shows no simllarl- 
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TABIE VI. Conductance of SeQ.t 90 in Nltromethane. 


c X 10^ 

A X lO'* 

c X lO* 

A X 10“* 

Ko = 1.9 

X lO"^ 

/Co = 1.4 

X 10"’^ 

0.651 

11^.87 

9.56 

10.11 

1.552 

13.18 

23.8 

9.05 

5.17 

11.04 

47.6 

8.50 

11.30 

9.95 

88.7 

7.72 

27.U 

8.87 

199.1 

7.1^t 


ty in its concentration dependence to that characteristic of ordinary 
electrol 3 rtes. The latter, in solvents of low dielectric constant, ap¬ 
proach linearity at low concentrations with a slope of minus one-half 
on a log-log scale (6),whileourdataforSaltl.5 indioxaneshow a dis¬ 
tinct curvature. In solvents of higher dielectric constant, ordinary 
strong electrolytes give S-shaped conductance curves (7), which ap- 
pro^h a predictable limiting tangent (8) at low concentrations on a 
c^/2 scale; and in solvents of high dielectric constant, the conduct¬ 
ance curves lie quite near the limiting tangent (8) at low concentrations. 
The data of Table ni-Vn, on the other hand (except for Salts 1.5 and 
6.3 in the 40:60 nitromethane-dioxane mixture), all give linear log- 
log plots with a slope of -0.13, and are strongly concave-upward at 
low concentrations on the cl/2 scale with no obvious tendency to ap¬ 
proach a limiting value. 

Examples are shown in Figures land2, where logarithidof 
equivalent conductance isplotted against logarithm of concentration c 
(stoichiometric equivalents of bromide per liter). Both for different 
copolymers in nitromethane and for the same salt (No. 26) indifferent 
solvents, the data lie on parallel straight lines whose slopes average 
to -0.13. We hasten to emphasize that we are not suggesting that the 
conductance function is; 


A = 


kc 


-0.13 


( 3 ) 


because it is well known that practically any monotone function may be 
interpolated linearly on a log-log scale over a limited range of the 
variables. The fact that so many different systems (including even 
the 1.5 salt in dioxane in the concentration range 10“4 ^ c $ 10 " 2 ) sat¬ 
isfy equation 3 does, however, suggest that a general (as yet unknown) 
conductance function for polyelectrolytes exists. 

Two kinds of ions are naturally present, cations and anions, 
andthe total conductance is made up of contributions of each species. 
For a given copolymer salt in a given solvent, we may expect the con¬ 
tributions of cations and ions to vary with concentration for several 
reasons. 

Let us first consider the spatial distribution of ions at con¬ 
centrations so low that there is negligible geometrical interference (9) 
between the large cations. Then we will have an approximately uni¬ 
form distribution of cations, with some negative coimter ions distrib- 
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uted inthesolventbetweenthe large cations and some within the aver¬ 
age volume "occupied” by the cations. The distribution of the anions 
will thus not be uniform: if we choose an origin at the "center” of a 


TABLE VII. Conductance of Copolymer Salts in Nitromethane. 


c X lO-* 

A X 10* 

c X 10* 

A X 10** 

Salt 6.3 

Salt 58 

0.636 

75.0 

0.770 

22,70 

1.586 

70.1 

2.17 

19.58 

2.26 

66.5 

4.80 

17.52 

5.37 

64.0 

8.91 

15.48 

5.in 

61.5 

10.78 

15.84 

8.15 

58.5 

24.0 

14.59 

16.91 

53.3 

38.2 

13.18 

25.9 

50.5 

85.0 

12.19 

35.2 

48.5 

166.8 

11.40 

Salt 26 

Salt 78 

0.208 

50.0 

0.781 

15.83 

0.525 

45.4 

1.692 

14.30 

1.514 

39.8 


12.78 

3.56 

55.8 

8.88 

11.55 

4.68 

34.1 

15.85 

11.41 

9.10 

32.1 

26.2 

10.22 

10.65 

31.6 

55.0 

10.06 

14,51 

51.2 

59.0 

9.12 

23.6 

29.6 

109.1 

8.61 

38.7 

28.5 

202.5 

8.45 

68.5 

27.2 




reference cation coil, the density, p. of anions will be high within 
the average radius, R, of the coil (the zone of bound anions) due to 
the high concentration of positive charge always present in the poly¬ 
ion, and then there will be a decrement of anion density in the range 
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-h ‘ 

Fig. 1. Conductance of Salts 6.6 (top curve), 26, 58 ) 

78 and 90 (bottom curve) in nitromethane. 

of distances up to several times R to an average space charge den¬ 
sity />2 > characteristic of the cation-free space between polyions. If 
we measure distances along a coordinate connecting two polyions, the 





Fig, 2. Conductance of Salt 26 in nitromethane (top 
curve), 85:17 nitromethane-dioxane, 60:14-0 nitromethane- 
dioxane, 14 - 0:60 nitromethane-dioxane (bottom curve). 
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anion density should then have approximately the contour shown in 
Figures. The distances r and d will increase with dilution: the for¬ 
mer is the average cation-cation center-to-center distance and the 
latter is the distance over which bromide ions are far from cations 
on a scale of distances measured in units equal to R. The anions in 
the range d (the zone of free anions) will have approximately their 
normal mobility and their relative concentration will increase with 
dilution, so we expect the anion conductance to increase with dilution. 
The anions in the range R around the center of a cation coil will be 
carried along with the cation and will not contribute to conductance; 
their relative amount will decrease with dilution as their probability 
of escape from the cation field is increased. The anions in the range 
between (r - d)/2 and R (the screening zone) will partly be carried 
along with the cation, or, perhaps more accurately stated, their mo¬ 
bility will be decreased by a strong electrophoretic term. The con¬ 
tribution of the cations vdll increase with dilution because as more 
and more anions escape the net charge on the cation and hence its 
mobility will Increase. At the same time, however, escape of anions 
will decrease the mobility of the cation by increasing its friction co¬ 
efficient: mutual repulsion between newly uiqpaired positive centers 
within the coil will cause the latter to eiqpand. Since the first effect 
will be proportional to Z, the net instantaneous charge on the cation, 
and the second to a fractional power of 7, the resultant effect will be 
an increase of mobility, and hence of conductance of the cation, with 
dilution. Interaction of all the factors mentioned above will lead to a 
conductance function A = A (c) for the polyelectrolytes. In making 
a calculation based on this picture, it must be remembered that there 
is a dynamic exchange equilibrium between anions in the bound zone, 
the screening zone, and the free zone. 

Considering next the distribution at higher concentrations, we 
would expect that the free zone will cease to exist when the screening 
zones of neighboring cations start to overlap. This region of concentra¬ 
tion will be analogous to the critical rangelO of concentration found for 
one-one electrolytes, where the distinction between free and associ¬ 
ated ions breaks down. In addltionto suggesting a theoretical approach 
to the problem, these considerations also suggest the esqperiment of 
measuring the conductance of mixtures of poly electrolytes and simple 
electrolytes: the conductance of the mixture should be less than the 
sum of the conductances of the component because the net charge on 
polycation would be strongly reduced by an excess of anions over the 
stoichiometric equivalent. 

Dependence of Conductance on Copolymer Ratio 

Somewhat similar qualitative conclusions concerning associ¬ 
ation may be drawn from the data shown in Figure 1 for the conduct¬ 
ances of the different copolymers in nltromethane, with dielectric con¬ 
stant e‘- 39.4. It may first seem surprising that at a given salt 
concentration the equivalent conductance increases with decreasing 
pyridine content. Certainly at infinite dilution, we would eiqpeH~juM 
the reverse to hold. Since we are unable to extrapolate our conduct¬ 
ance data to zero concentration, we are forced to consider the data 
in the finite experimental range of concentration, approximately 
10~4 <c <10~^. It should first be pointed out that reversal is not a 
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viscosity effect: at c = lO"^ for example, C increases from 
0.025 g./lOO cc. to 0.172 on going from Salt 90 to Salt 6 . 6 ; i.e., for 
fixed equivalent bromide concentration, the weight concentration 
increases with decreasing pyridine content and hence any mass 
viscosity effect would act in the opposite direction to that observed 
as far as conductance correction goes. As a matter of fact, at 
c = 10"3, the relative viscosity of the different copolymer salts varies 
from 1.06to 1 . 10 , a change negligible compared to the fivefold change 
in equivalent conductance that is under discussion. 

The decrease in conductance (at a given concentration) with 
increasing pyridine content was observed in three solvents: Salts 
1.5, 6 . 6 , and 26in 40:60nitromethane-dioxane,Salts6.6and 26 in60:40 
nitromethane-dioxane and Salts 6.6,26,58,78, and 90 in nitromethane. 
With degrees of polymerization of theorderof 700, the average chains 
contain from about 50 to 600 potential ionic groups in the series meas¬ 
ured in nitromethane. These data may best be compared if we plot e- 
quivalent conductance at a fixed concentration (10"3 normal was chosen 
for Figure 4) against F,the mole percent of vinylpyridine intheparent 
polymer, as is shown in Figure 4. At very low vinyl pyridine content, 
we would e:q>ect the transference number and mobility of the cation 
to be nearly zero because the few pyridonium groups in a chain would 
havetodragalotof nonelectrolytic polystyrene chain through the sol¬ 
vent. We therefore have extrapolated the curve to 58.0, the conduct¬ 
ance of the bromide ion at 10"3normal in nitromethane.* The fact 
that the total conductance increases rather than decreases as we go 
from high to low pyridine content signifies that ionic association in¬ 
creases with increasing pyridine content. The pyridonium groups are 
tied to the polymer chain, and, therefore, the total positive charge 
density in the polycation increases with Increasing F; hence more bro¬ 
mide ions are drawn Into the sphere of the cation and its mobility is 
kept from increasing in proportion to the number of ionic groups, while 


*This value was obtained as follows. Witschonke and Kraus (T. Am. 
Chem. Soc., 2472, 1947) give 21.6 as the limltii^mobility of the 
bromide ion in nitrobenzene, a solvent with viscosity 1.811 cp. Using 
Walden’s rule (limiting mobility inversely proportional to viscosity), 
we find Xoo(Br 0 = 63.0 in nitromethane with 17 = 0.6203 cp. The Onsager 
coefficient in nitromethane is 162.4, whence we find 57.9 as the bro¬ 
mide ion conductance at 10~3 normal in nitromethane. Alternatively, 
Walden and Birr (Z. physik. Chem., A163 , 263,1933) give 101.3 as the 
conductance of tetramethylammonlum bromide in nitromethane. At 
the same concentration, tetrabutylammonium andtetraethylammonium 
picrateshave conductances of 71.9 and 86.3, respectively, whence we 
estlmatethe conductance of tetrabutylammonium bromide to be 101.3- 
(86.3 - 71.9) =86.9 at 10"3 normal. Using Witschonke and Kraus’s 
values for the limiting conductances of the bromide ion and of tetra¬ 
butylammonium bromide in nitrobenzene, we obtain 21.6/33.5 = 0.645 
as the trani^rt number of the bromide ion. Neglecting its change 
with concentration and assuming it to be the same in nitrobenzene and 
nitromethane, wefindO.645 (86.9) = 56.0 asthe conductance of the bro¬ 
mide ion at 10-3 normal nitromethane. We used the average of these 
two calculated values to locate the point at F = 0 on Figure 4. 
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simultaneously the relative concentration of free bromide ions is de¬ 
creased. On the other hand, at fixed equivalent bromide concentration, 
the mass concentration of polymer decreases with increasing F, which 
increases average intercationic distances, an effect that probably tends 



to increase free bromide ion concentration. Since the total conduct¬ 
ance decreases with increasing F, we conclude that the effect of in¬ 
creased association due to increased charge density within the coil 
predominates. 



Mol V. Vif^ 


Fig. 4 . Dependence of conductance on copolymer ratio. 


The curve as a whole is S-sluq>ed; since we would eiqpect the 
decrease of free bromide ion concentration to be monotone, we must 
look for the eiqplanation of the concave-downward section of the curve 
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near F = 0 in the contribution of the cation. Near F - 0, we would ex¬ 
pect the mobility of the cation to increase from zero with increasing 
F imtil the effects of increased association cancelled the potential in¬ 
crease; in other words, the contribution of the cation is probably rep- 
resentedby aconcave-downward curve with strongest curvature near 
F = 0. The sum of this plus the concave-upward curve for the bro¬ 
mide ion conductance would then account for the shape of the resultant 
curve of Figure 4. 

Dependence of Conductance on Dielectric Constant 

In every case investigated, the conductance of a given salt at 
a given concentration decreased with decreasing dielectric constant 
of the solvent. An example is shown in Figure 2 for Salt 26 in a series 
of solvents. The viscosity change is negligible compared to the decade 
change in conductance in going from 40:60 nitromethane-dioxane to 
nitromethane, and we must ascribe the change in conductance to a con¬ 
sequence of the change in dielectric constant £'from 16.0 to 39.4. If 
we assume that a certain fraction of the bromide ions are electrostati¬ 
cally bound to (or in) the polyions and therefore not free to contribute 
to conductance, we would expect this fraction to increase with de¬ 
creasing dielectric constant of the solvent medium-other variables 
being fixed-because Coulomb potential energy varies as 1/ £'. 

In a theoretical treatment of the problem, the electrostatic 
energy will appear as a ratio to thermal energy in a Boltzmann ex¬ 
ponential function which will measure the fraction of ions free to carry 
the current. Since equivalent conductance is proportional to the re¬ 
lative amount of imassociated charges, we might e]q)ect a linear re¬ 
lationship between the logarithm of equivalent conductance and re¬ 
ciprocal dielectric constant. As shown in F^re 5 for Salts 6.6 and 
26 nitromethane-dioxane mixtures at c = 10~ ^normal in all systems, 
the data do indeed give linear plots. The two lines apparently extra¬ 
polate to the same limit at infinite dielectric constant; this may be 
merely coincidence. Considered only as an interpolation plot, how¬ 
ever, Figure 5 shows unambiguously that ionic association under the 
influence of Coulomb forces must be considered for polyelectrolytes. 
This is in agreement with our findings (11) for Salt 90 in water-ethanol 
mixtures. 



Fig. 5 . Dependence of conductance on dielectric con¬ 
stant (Salt 6 . 6 , top curve; Salt 26 , bottom curve). 
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Synopsis 

The conductance of a series of salts made by the addition of 
n-butylbromideto4-vinylpyridine-styrenecopolymers (1.5to90 mole 
per cent vinylpyridine) has been measured in dioxane {£'= 2.2), 

ethylene dichloride ( £'= 10.2), and a series of nitromethane-dioxane 
mixtures (16.0 < £' < 39.4). Three independent arguments deduced 
from the data show that ionic association under the influence of in¬ 
terionic electrostatic forces must occur in solutions of polyelectro¬ 
lytes in such a way that a certain average fraction of the counter ions 
acconq)any the large polycation and contribute nothing to conductance. 
First, the conductance at fixed copolymer composition and fixed salt 
concentration decreases with decreasing dielectric constant of the 
solvent medium. Second, at a given counter ion concentration in a 
given solvent, the conductance decreases with increasing pyridonium 
content of the chain. Third, for a given salt and solvent, the con¬ 
ductance decreases with increasing salt concentration at a rate much 
slower than that characteristic of simple electrolytes. 

Resume 

Les conductivites d’une serie de sels, prepares par addition 
de bromure de butyle-normal aux copolymeres de la 4-vinylpyridine 
etdu styrene (de 1.5 i 90% moles de vinylpyridine), ont ^e mesurees 
en solution dans le dioxane (2.2), dans le dichlor^hylene 
( £'= 10.2), etdans des melanges varies de nitromithane et dioxane 
(16.0 < £' < 39.4). Trois arguments ind^endants, deduits des re- 
sultats, prouvent que I’association ionique results, dans ces sol¬ 
utions de poly electrolytes, de Faction de forces electrostatiques in- 
terioniques, et de telle fapon, que une certains partie des ions de 
signs contraire accompagne le polycation, et de ce fait, n'intervient 
pas dans la conductivite. Premierement, la conductivite pour une 
composition determines^ du copolymers et pour une concentration 
determines de sel, decroit si on diminuela constants dielectrique du 
milieu-solvent. Secondement, a une concentration determines d’ions 
de signs contraire dans un certain solvant, la conductivite decrbit 
avec la teneur en fragments pyridiniques de la chmne. Troisiemement 
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pour un sel et un solvant determines, la conductivite dicroit, par 
augmentation de la concentration en sel, a ime vitesse notablement 
inferieure a celle caracteristique pour les electrolytes simples. 

Zusammenfassung 

Es wird die Leitfihigkeit einer Reihe von Salzen die durch 
Addition von n-Butylbromid an 4-Vinylpyridin-Styrol Misct^olymere 
(1.5bis90Mol-%Vinylpyridin)in Dioxan ( £' =2.2\ Athylendichlorid 
( £' = 10.2) und einer Reihe von Nltromethan-Dioxan Gemischen 
(16.0 < 39.4) gemessen. Aus den e;qperimentellen Daten werden 

drei unabhdngige Beweise daftlr abgeleitet, dass in Losungenvon 
Polyelektrolyten lonenassoziation unter dem Einfluss von zwischen- 
ionischen elektrostatischen Kr^ten stattfindet in solch einer Weise, 
dass ein gewisser durchschnittlicher Bruchteil der Gegenionen das 
grosse Polykation umhiillen und nicht zur Leitfahigkeit der L&sung 
beitragen. Diese Argumente sind die folgenden. Erstens, die Leit- 
fiihigkeit nimmt bei vorgegebener Kopolymerzusammensetzung und 
vorgegebener Salzkonzentration mit abnehmender Dielektrizitatskon- 
stantedes Losungsmittels ab. Zweitens, die Leitfahigkeit nimmt bei 
vorgegebener Gegenionkonzentration in einem gegebenen Losungs- 
mittel mit Zunahme des Pyridoniumgehaltes der Kette ab. Drittens, 
die Leitfahigkeit nimmt fur ein gegebener Salz und Lbsungsmittel mit 
zunehmender Salzkonzentration viel langsamer als bei elnfachen 
Elektrol 3 rten ab. 
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X>Ray Studies on the Crystallinity of Cellulose* 

P. H. HERMANS and A. WEIDINGER, Laboratory for Cellulose 
Research of the AKU and Affiliated Companies, Utrecht, Netherlands 


INTRODUCTION 

In an earlier pjqper (1) a method was given for the quantitative 
evaluation of the crystalline fraction in cellulose fibers from intensity 
measurements on x-ray diffraction pictures. This fraction was found 
to be equal within e}q>erimental error for cotton, cotton linters, flax, 
and ramie (0.70), and also for nine samples of regenerated cellulose 
(0.39) independent of their degree of orientation. The crystalline frac¬ 
tion in native wood pulp is slightly lower than in cotton and very much 
lower in bacterial cellulose. It was further shown that the figures ob¬ 
tained reasonably conform with those estimated from other physical 
constants (2). 

The purpose of the present paper is to communicate further 
measurements extending the range of observed crystallinities from 
0.08 to 0.70, and to discuss these in conjunction with the former ones. 

METHOD 

For the sake of clarity we shall briefly repeat the principle 
of our method (see Fig. 1). For its details and their justification see 
previous paper (1). A beam of copper radiation strictly monochrom- 
atizedby reflection, limited by pinhole system P with an intensity I , 
is transmitted by cellulose O with intensity I, reduced by absorption, 
and then strikes the front of auxiliary miniature camera G (3) where 
a disk of an inorganic comparison substance is located. The latter 
producesacharacteristicinterference,I(.,onthefilm inside the mini¬ 
ature camera, which serves as a means for standardizing all expo¬ 
sures taken to equal intensity of the primary radiation Iq. Evidently, 
Ic is always proportional to I, it will also be proportion^ to lo and to 
the intensity Ijjjq of the cellulose spectrum on the film outside the 
minature camera, provided the dimensions and the density of the 
cellulose specimen O are kept vigorously constant. This has been 
achieved by the use of carefully prepared fiber pellets (consisting of 
fibers orientated at random) of constant weight and dimensions. 


’"Contribution No. 54 from the Laboratory for Cellulose Research, 
Utrecht. See also page 145, this issue. 
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The absorption in the specimen is given by the equation: 

1 = lo exp - p„pd 

where /J-m is the mass absorption coefficient of cellulose (7.78), p the 
density of the pellet, and d the irradiated thickness. (At the end of 
each exposure, the absorption, and hence the value of Mqj pd, was 
measured as a control). 



Fig. 1. Diagram of setup for exposures; P, pinhole 
system; 0, isotropic fiber pellet; G, auxiliary miniature 
camera; F, film; comparison Interference. 

To standardize all exposures to equal intensity of the primary 
radiation the observed values of the cellulose spectrum, I hki > were 
divided by Ic. In the case of the cellulose powders referred to below, 
tablets were pressed and used instead of the pellets. After eiqiosure, 
an absorption measurement was carried out in order to determine the 
value of Pja pdot the tablet. The value of I^. was then corrected by 
multiplication with p'd'/pd. 



Fig. 2. Standardized photometer curve of a ramie pellet. 

The method of evaluation is shown in Figure 2, where an ex¬ 
ample of a standarized radial photometer curve for a native fiber 
is given. (A reproduction of some actual photographs is given in 
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Plate I, see end of Issue. The upper hatched area is taken as a rela¬ 
tive measure of the crystalline fraction (integrated intensity of the 
coherent radiation selectively diffracted by the crystalline portion). 
It is indicated below as Icf. The bottom hatched area is the correction 
for incoherent radiation (1). The dotted line represents the correction 
for the radiation scattered by the air in the camera. The height Aixi 
of the broad background maximum above the lower hatched area was 
taken as a relative measure of the disordered fraction. As a control, 
the integrated intensity of the total diffracted radiation (corrected for 
air) was also determined. Its value was practically constant within 
experimental error. 

As a basis for the computation of the absolute crystallinity, 
figures were taken from the average values of Icr and Am for five na¬ 
tive fibers on the one hand, and for nine specimens of rayon on the other 
hand. (As previously stated, the single figures in each group were 
constant within experimental error.) 

If X and y are the fractions of crystalline substance in the na¬ 
tive fibers and rayon, respectively, then: 

— = ^^cr^natlve 
y (^cr^rayon 

and: 

, ^^m^native 
^■y ^^Bi^rayon 

for which X and y (allowing for small corrections owing to the differ¬ 
ence in moisture content and the use of a plane film) were calculated 
to be: 

X = 0.70 ± 0.02 y = 0.39 ± 0.03 

With the aid of these two most reliable figures, the nomogram repro¬ 
duced in Figure 3 was constructed. The results of the measurements 
on other cellulose specimens are also recorded. 

RESULTS 

All results are recorded in Figure 3. The oblique line in the 
nomogram represents the locus of the points of observation conform¬ 
ing to the standard points derived from the series of the five native 
and the nine rayon samples mentioned in the preceding section. The 
point for any specimen is found by plotting the observed Am value a- 
gainst the observed Icr value.* 

In Table I the single determinations of Icr and Am are listed. 
The table is subdivided according to the type of spectrum that the sam¬ 
ples exhibited. Further details on the nature of the samples 23-25 and 
26-30 are given below. 

In Figure 3 it is seen that the majority of the samples reason¬ 
ably fit the oblique line, particularly those for which more than one 
determination was carried out. (The number of single observations 
is indicated by the figures in parentheses in Figure 3.) Moreover, 
for the two standard points (rayon and native), the spreading area of 
the single observations is indicated by a dotted line. 

*The idea of plotting the resiilts in this form was suggested to the 
authors by Prof. W. Kast, Krefeld. 
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It is further seen that Fiber G is the only example of a rayon 
with a distinctly higher percentage crystallinity (53%) as compared 
to all other rayons investigated.* This striking fact must be due to 
causes other than the high orientation of this fiber, since Fortisan and 
the Lilienfeld rayon investigated also possessed the same, almost 
complete, orientation. 



ues are plotted against values. All experimental points 
ought to fall on the oblique line bearing a percentage crys* 
talllnity scale. Figures In parentheses Indicate the number 
of parallel determinations for which the relevant points of 
observation are computed, in the cases of native fibers and 
rayon, the area of spreading of the single determinations is 
indicated by a dotted line. 

The ejqperiments with cellulose powders, (23)-(25), are also 
of considerable interest. The amorphous powder (23) was obtained 
by treating completely dry viscose rayon in a vibrating ball mill 
(Schwingmuhle) for 21 hours as previously described (4), using a por¬ 
celain jar and 1/4-in. steel balls in order to reduce the ash content, 
which was only 1.77%. To follow the degree of destruction of lattice 
order reached, x-ray test pictures of the powder were taken and its 
heat of wetting was determined. The sample finally Investigated repre¬ 
sents the optimal result that could be obtained. It showed a heat of 
wetting of 31.7 cal./g., and possessed a residual crystallinity of 8-9% 
according to Figures. In Figure 4 its standardized photometer curve 
is given together with those of a rayon sample and of native ramie 
fibers. Plate I gives the reproductions of the actual x-ray photographs 
of the three samples. (Here the trace of the miniature camera and the 
comparison interference are seen in the central part of the pictures.) 
In Figure 4 it is seen that the backgroimd rises as the percentage 
crystallinity comes down. (The background curves separating the 


♦The authors are indebted to Dr. A. F. Smith of du Font’s Experi¬ 
mental Station, Wilmington, Delaware,for kindly providing a sample 
of this interesting new fiber. 
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'‘crystalline” radiation from the diffuse background are indicated by 
dotted lines.) The “amorphous” powder shows a small and rather 
broad residual peak in the neighborhood of the 002 line. 

Apart of the “amorphous powder” was allowed to recrystal¬ 
lize by contacting it with hot water (4). The recrystallized product 
was dried and its crystallinity determined. It appeared to be quite 
near that of rayon (falling near the area of spreading of the latter in 



The heat of wetting of the completely dried recrystallized pow¬ 
der was found to be 19.9 cal./g. (in good conformity with the previ¬ 
ously reported figure of 20.0 cal./g.). The corresponding value for 
rayon is 22 cal./g. The difference between the heats of wetting of the 
“amorphous” powder and that of rayon, amounting to 10 cal./g. or 
1.62 kc^./mole, must represent the heat of crystallization of the frac¬ 
tion 0.39 - 0.09 = 0.30 of the material (4). This would mean that the 
molar heat of recrystallization of cellulose is equal to 1.62/0.30= 5.4 
kcal. Since the heat of recrystallization of/3-glucose as reported in 
literature is 5.5 kcal./mole and the corresponding value for cellulose 
maybe e;q>ected to lie very near this figure, the result obtained may 
be considered as a valuable support of the x-ray results. 

The saponified cellulose acetates (samples 26-30 in Table I) 
were all prepared from Setilose, a commercial acetate rayon, con¬ 
taining about 2.5 acetyl groups per glucose residue. The x-ray pic¬ 
ture of this rayon was rather vague; its photometer curve is repro- 
ducedinFigure 5 (upper). It was taken from a “randomized pellet.” 
If this product is heated for 30 minutes in a closed vessel with me¬ 
thanol at lOO^C., it shows a kind of recrystallization-the x-ray pic¬ 
ture now being sharper and exhibiting more lines. See photometer 
curve in Figure 5 (lower). Similar photographs were previously ob¬ 
tained by Fuller and Baker on “quenched” and “recrystallized” cel¬ 
lulose esters, polyamides, and other polymers. Since H seemed of 
interest to determine whether such samples yield a different degree 
of crystallization after saponification to cellulose, this item was in¬ 
cluded in Table I. However, no difference in percentage crystallinity 
could be detected within experimental error. 
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Using 3 Nammonia as a saponifying agent at 100°C., the sap¬ 
onified product appeared to consist of a mixture of cellulose n and 
cellulose IV. The proportion of cellulose IV decreases as the sap¬ 
onification temperature is lowered. At 40^0. and below, pure cellu¬ 
lose II is obtained. The same was found to apply to 0.2 N sodium hy¬ 
droxide as a saponifying agent. Surpisingly, with 0.2 N barium hydrox- 

TJBIX I. ValusB of X and A as Derived from Standardized 
cr m 

Intensity Measurements (in Arbitrary Units). 


Specimen 


Spectrum Cellulose I 


Average 


(7) Bacterial cellulose (Bacterium xyLinum) 


Spectrum Cellulose II 
(8) Viscose staple fiber (ABU-Arnhem) 


(10) Rayon spun vith TOjt stretch (two-bath 

process). 

(11) Cellophane (uncoated) . 

(12) Cellophane (uncoated) . 

(15) Tire cord rayon-slashed(American Enka) . 
(Ik) Tire core rayon-slashed( American Enka) . 
(15) Lilienfeld process rayon. 


(17) Fortisan rayon (Celanese Corp.) .... 

(18) Fortisan rayon (Celanese Coip.) .... 

(19) Mercerized ramie (reorientated) . . . 

(20) Mercerized bacterial cellulose 

(21) Fiber G (du Pont) ..... 

(22) Fiber G (du Pont). 

(23) ’^Amorphous** cellulose powder. 

(24) Recrystallized cellulose powder . 

(25) Recrystallized cellxalose powder . . . , 

(26) Acetate rayon, saponified in 3N NH3 at 

, _ ^0"C. (10 days). 

(27) Recrystallized acetate rayon, saponified 

in 3N NH3 at 20®C. 


I 

cr 

A 

m 

.195 

28 

.207 

26 

.195 

28 

.203 

285 

).l8o 

28 

196 

- 5 28 - 

.188 

34 

.197 

295 

.119 

58= 

.110 

58 

.111 

56= 

.105 

54 

.128 

54 

.115 

52= 

.113 

59 

.116 

56 

.108 

58 

. 97 

54 

111= 

^ 2= 56 ^ 1 

.108 

49 

.108 

49 

.125 

47 

. 95 

66 

.157 

46= 

.142 

48 

. 25 

84 

.117 

59 

.106 

59 

. 98 

59 

.114 

59 


continued 
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Specimen 




Spectrum Cellulose H mixed vlth celluloee 17 


(28) iteetate rayon, saponiflod In 5N Mis at 


100® C, (6 hours) . 

(29) Acetate rayon, saponified in 3N KSa at 

.106 

58 

100® C. (8 hours) . 

(50) Acetate raycan, saponified in 0.211 NaCH 

.109 

56 

at 100®C. (6 hours). , . . 

. 97 

59 

Average (26-50) 

(51) Mercerized ramie, partially transferred 

105 ^ 5 

58= 0.6 

into cellulose IV .... 
(52) Lilienfeld rayon, transferred into 

.11*8 

51 

cellulose IV . 

(55) Lilienfeld rayon, transferred into 

.127 

l^9 

cellulose IV . 

.116 

1*85 


Ide, pure cellulose n is invariably obtained, even at 100°C. It would 
seem that only those bases that are capable of penetrating the lattice 
give rise to the partial formation of cellulose IV at high saponification 
temperatures. (Mere heating of rayon or saponified acetates (consis¬ 
ting of pure cellulose n) with ammonia or sodium hydroxide of the con¬ 
centrations indicated at lOO^, does not give rise to cellulose IV for¬ 
mation.) 

The figures in Table I represent sufficient evidence that the 
degree of crystallinity of the saponified products is constant within 
e^qperimental error, independent of previous “recrystallization” of 
the acetate and of the saponification temperature. 

In Figure 6 photometer curves are reproduced of saponification 
products obtained at 100°C. and at 40^0. 



Fig. 5. Photometer curves of acetate rayon samples. 
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DISCUSSION 

The equal degree of crystallinity of the majority of rayons 
(with the exception of Fiber G and perhaps Fortisan) and that of the 
saponified acetates is very striking and difficult to understand. It 
would seem, however, that this fact can no longer be denied. It will 
have to be accounted for in future research (5). 



Fig. 6. Photometer curves of acetate rayon samples 
saponified with 3N ammonia. 


The examples of wood pulp and native bacterial cellulose in 
the series of cellulose I, and those of Fiber G, mercerized bacterial 
cellulose, and the “amorphous” powder in the series of cellulose II 
show that the constancy found for the majority of the other represen¬ 
tatives in these groups is neither an obligatory one, nor caused by 
some hidden intrinsic error in the method of evaluation. This is also 
corroborated by the general agreement found with the values derived 
from the sorption of water vapor, density, and heats of wetting (1,2,4). 

Recently, numerous authors have endeavored to measure crys¬ 
tallinity by chemical methods. Their results show little if any con¬ 
formity among each other and the figures arrived at are, as a rule, 
very much higher than those derived from the present x-ray experi¬ 
ments (6). This not surprising, since such “accessibility” measure¬ 
ments by means of chemical reactions will not depend merely upon 
the structure of the cellulose but forcibly also on the nature of the 
other reactants used. 

It may be that the sequence of the figures found from the study 
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of chemical reactions isthe same as that of the x-ray figures; actual¬ 
ly, in the majority of cases, such parallel sequence seems to exist 
roughly. What is actually measured, however, is very difficult to de¬ 
fine. 

Attention is drawn to the previously mentioned fact (1) that the 
ratio of the intensities of the two main peaks is nearly constant and 
about equal to the one theoretically predicted by Andress in the native 
cellulose samples investigated, whereas it is highly variable and de¬ 
viates considerably from the theoretical value in the samples of re¬ 
generated cellulose. An interpretation of this phenomenon has been 
given elsewhere (1). It leads to the assumption of the frequent occur¬ 
rence of regions with two-dimensional order rather than of three- 
dimensional order in regenerated celluloses. 
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Synopsis 

The methodfor the evaluation of the percentage crystallinity in 
cellulose preparations from x-ray intensity measurements, previously 
described in detail (J. Appl. Phys., in press) is reviewed briefly and 
new material presented consisting of crystallinity percentages between 
8% and 70%. Cotton, flax, and ramie possess equal crystallinity (70%) 
and so do the majority of rayons, independent of their degree of ori¬ 
entation and including cuprammonium and Lilienfeld rayons. Cellulose 
acetates saponified under varying conditions also yield almost the 
same value as rayon (40%). The new product Fiber G (du Pont) holds 
an exceptional position with 53% crystalline substance. In the series 
of native celluloses, wood pulp has about 65%, Valonia 65-70%, and 
bacterial cellulose about 40%. By dry grinding of rayon, a powder 
was obtained containing only slightly less than 10% crystalline sub- 
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stance, which on recrystallization in water, yields a product having 
the same crystallinity as rayon. The difference between the heats of 
wetting of the original and the recrystallized powder affords additional 
support of the results obtained. 

RisumI 

La methode d’evaluation du pourcentage de crlstallinite dans 
la cellulose au depart de mesures d*intensit6 aux rayons-x, pre- 
cedemmentdecrlte (J. Appl. Phys., in press) en details, est brievement 
rappel^e; dans cette communication sont renseign^s les resultats 
obtenus au depart de materiaux nontenant im pourcentage de cristal- 
linite de 8 a 70%. Le coton, le lin, et la ramie possedent une egale 
crlstallinite (70%), de mime que laplupart des rayonnes, indipendam- 
ment de leur degre (forientation, y compris les rayonnes cupriammoni- 
ques et Lilienfeld. L’acetate de cellulose, saponifils dans des con¬ 
ditions variables, ont la mime teneur que la rayonne (40%). Le 
nouveau prodult Fibre G (du Pont) occupe une position exceptionnelle 
avec 53% de substance cristalline. Dans la serie des cellulose 
naturelles, lapulpe de bois contient 65%, Valonia 65-70%, et la cellu¬ 
lose bacterlque environ 40%. Par broyage de la rayonne, la poudre 
obtenue contient seulement un peu moins de 10% de st^stance cristal¬ 
line; par recrlstallisation dans I’eau cette poudre fournit un prodult 
possedant le mime taux de crlstallinite que la rayonne. La difference 
entre les chaleurs de mouillage de la poudre initiale et de la poudre 
cristallisee confirme en outre les resultats obtenus. 

Zusammenfassung 

Es wird die Methode fuer die Berechnung der prozentuellen 
Kristallinitaet in Cellulose-Praeparaten aus Roentgen-Intensitaets- 
messungen, die frueher in Einzelheiten (J. ^plied Phys., in Druck) 
beschrieben wurden, kurz wiedergegeben imd neues Material fur 
Kristallinitaets-Prozente zwischen 8% und 70% mitgeteilt. Baum- 
wolle, Flachs, und Ramie besitzen die gleiche Kristallinitaet (70%), 
dasselbe glbt fur die Mehrzahl der Kunstseiden (unabhaengig vom 
Grad der Orientierung imd einschliesslich der Cupra-Ammonium- 
und Lilienfeld-Seiden). Celluloseazetate, die unter verschiedenen 
Bedingungen verseift waren, geben denselben Wert wle Kunstseide 
(40%). Neue Fiber G (du Pont) zeigt ein Ausnahmeverhalten mit 53% 
kristalliner Substanz. Unter den natuerlichen Celluloseprodukten 
zeigt Zellstoff 65%, Valonia 65-70%, und Cellulose von BaMerienur- 
sprung ungefaehr 40%. Durch Trockenmahlung von Kunstseide wird 
ein Pulver hergestellt, das weniger als 10% kristalline Substanz 
enthaelt und das bei Rekristallisation in Wasser eine Substanz gibt, 
die dleselbe Kristallinitaet wie Kunstseide hat. Diese Resultate 
werden unterstuetzt durch die Werte fuer den Unterschied zwischen 
der Benetzungswaerme der urspruenglichen und rekristallisierten 
Pulver. 
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Degree of Lateral Order in Various Rayons as Deduced 
from X-Ray Measurements* 
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INTRODUCTION 

In the preceding publication (1) it was shown that little if any vari¬ 
ations in over-all crystallinity are found in the majority of rayon speci¬ 
mens, the sole obvious exception being Fiber G (du Pont). This con¬ 
clusion is based on the constancy of the total intensity diffracted by 
the “crystalline” portion (integrated surface of peaks). Investigations 
were carried out, therefore, to determine whether other differences 
in the x-ray pictures could be detected. To that end the integrated 
intensitiesof the two principal peaks and their half-widths were meas¬ 
ured separately. 


EXPERIMENTS 

The technique applied in our exposures leads to a rather signi¬ 
ficant artificial broadening of the single lines, owing to the use of a 
relatively large pinhole (0.8 mm.), and objects of 1.6-mm. thickness. 
Consequently, interference lines lying near to each other merge into 
one single peak on the photometer curves. 

The reflections which consist of the two main peaks exhibited 
by the photometer curves are given in Table I. The theoretical in¬ 
tensities according to Andress’ data are also listed. 

TABLE I. Survey of Reflections Contributing to the Two Main 
Peaks, 





Reflections 

Theoretical Ratio 

intensities Il/l 

Peak I Peak II 

Specimens 


Peak 

I 

Peak II 

Cellulose 

I 

101 + 

lOl 

021 + 002 

140 

442 3.15 

Cellulose 

II 

101 


021 + lOi + 002 

75 

477 7.55 


The intensity ratio, peak n/peak I, actually found (hereafter 
simply designated as “ratio”), is given in the first column of Table 
n. Also given are the measured half-width values of both peaks (in 
millimeters) onthephotometer curves (which were taken with a linear 
magnification of 3.9),distanceof sample to film, 40 mm. Since we are 
interestedonly in the relative values, these figures will serve the pur- 

^Contrlbution No. 65 from the Laboratory for Cellulose Research, 
Utrecht. 
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pose. (The accuracy of these figures is not very great—the error is 
estimated to be iO.5 mm.). 

It is seen that in the native celluloses the ratio does not show 
much fluctuation and remains below, though not very far from, the 
figure that follows from Andress* theoretical evaluation of the lattice. 

TABLE II. Intensity Batlos and Half-Width Values of the Two 
Peaks Measured on the Photometer Curves (Linear 
Magnification x 3.9). 


Specimen 

Batio, 

Half-width 


ii/i 

values 

, mm. 



I 

II 

(1) Standard cotton. 

. 2.10 

12 

8® 

(2) Bamie (purified and "bleached). 

. 1.9 

13 

9= 

(3) Bamie (purified and bleached). 

. 2.4 

13 ® 

10® 

(4) Cottonine (flax) ... . 

. 2.1 

125 

10 

(5) Cotton linters (mfgd. for viscose 




process) . 

. 2.2 

11 

10 

(6) Sulfite vood pulp frcan spruce. 

. 2.06 

12*^ 

10^ 

(6a) Valonia cell wall (VaLonta ventrtcosa) 

1.78 

14 

7® 

(7) Bacterial cellulose (Bactertum xyLtnum) 

2 . 6 ^ 

13 

10 ^ 

Spectrum Cellulose II 

( 8 ) Viscose staple fiber (AKU-Amhem). . . 

.10 

95 

13 

(9) Bayon spun with 0^ stretch. 

.13.7 

8 

13 ^ 

(10) Bayon spun with JCffj stretch. 

. 13.8 

6^ 

13 = 

(11) Cellophane (uncoated). . • . 

.12.2 

8 

12® 

(12) Cellophane (uncoated), ; . 

.14.3 

85 

12^ 

(13) Tire cord rayon-slashed (American Enka) 

. - 

- 

- 

(14) Tire cord rayon-slashed (American Enka) 

. 15.6 

6^ 

15 = 

( 15 ) Lilienfeld process rayon . 

.11.4 

9 ® 

14 

(16) Cuprammonium rayon (Bemberg Corp.) . . 

. 9.7 

8 

12 

(17) Fortisan rayon (Celanese Corp.). . . . 

. 15.0 

6 

12 ® 

(18) Fortisan rayon (Celanese Corp.). . . . 

. 15.0 

7 

12^ 

(19) Mercerized ramie (reorientated). . . . 

.17 

6^ 

12 

(20) Mercerized bacterial cellulose .... 

. 13.5 

8 

12 

(21) Fiber G (du Pont). 

. 15.6 

65 

11^ 

(22) Fiber G (du Pont). 

. 17.7 

5 

11^ 

(23) "Amorphous” cellulose powder . 

. ~ 

- 

16 ® 

(214-) Becrystallized cellulose powder. . . . 

.14.8 

7 

Ik 

( 25 ) Becrystallized cellulose powder. . . . 

.11.8 

9 

14^ 

( 26 ) Acetate rayon, saponified in 3N NH 3 




at 20°C. (24 days). . . 

.14.4 

75 

14 

( 26 a) Acetate rayon, saponified in 3N NH 3 




at 14-0®C. (10 days). . . 

.11.9 

8 

13 = 

( 27 ) Becrystallized acetate rayon, saponified 



in 3 N NH 3 at 20°C, 




(24 days) . 

. 29.0 

5 

14 


The half-width values do not exhibit significant variations, perhaps 
with the exceptions of peak n in cotton and Valonia, which are obvi¬ 
ously narrower than in the other fibers. 

On the contrary, in the specimens that exhibit the spectrum of 
cellulose H, the ratio is always higher than the theoretical value and 
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is, moreover,very variable; so is the half-wi*h of peak I, which con¬ 
sists merely of the 101 lines in this case (see Table I). Peak n shows 
much less variation. Its half-width is between 12 and 135 in the ma¬ 
jority of cases; in specimen numbers 14 and 15 it is somewhat broader; 
in Fiber G (21-22) slightly sharper. The integrated intensity of peak 
n (not listed) was also constant within about 10%. The variations in 
the intensity ratios, therefore, are parallel with the variations in half- 
widths of peak I. Figure 1 demonstrates the obvious correlation be¬ 
tween the two figures. 



DISCUSSION 


The question arises as to how these observations can be inter¬ 
preted. The answer may be as follows. In the native specimen investi¬ 
gated, where the intensity ratios and the line breadth exhibit little var¬ 
iations, the crystallites seem to possess almost the same average size, 
shape, and degree of perfection. The average number of well-ordered 
molecular layers in various directions does not vary appreciably from 
specimen to specimen. In the regenerated fibers, on the contrary, the 
shape and pertection of the crystallites vary considerably. Kratky has 
conclusively proved by experiments on low-angle scattering that the 
crystallites in rayon are lamelliform. They are ribbon-shaped (see 
Fig. 2) and the 101 plane (Aq) is in the plane of the ribbon whereas the 
101 and 002 planes (A 3 and A 4 ) lie at large angles to the ribbon plane. 
For simplicity of description we may substitute the lOl and 002 planes 
by one single plane corresponding to the A 3 —A 4 doublet (A 3 in Fig. 2) 
perpendicular to the plane of the ribbon. In ^ rayons, the intensity 
ratio is larger than the theoretical one. This means that order ac¬ 
cording to the A 3 plane is favored over the order according to the Aq 
plane; this is only another way of eiqpressing that the crystallites are 
preferentially lamelliform, owing to the fact that the cohesive forces 
between the A 3 planes are very much stronger than those between the 
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Aq planes. The differentiation between one specimen and another Is 
the degree In which Aq order is Inferior to the A 3 order. 

In Figure 2 the transitional area (fringe area) between a crys¬ 
talline and an amorphous region is also schematised. Cleavage ac¬ 
cording to Aq is favored over cleavage according to A*. One can even 
imagine the existence of many spots where there may be merely order 
in A 3 and none in Aq (two-dimensional lateral order). Such spots will 
contributetotheintensity of the second peak and not to that of the first 
peak. 



Fig. 2. Diagram of a part of a crystall¬ 
ite and a frlngellke transitional area. 


The differences between the various rayons are differences in the 
distribution of lateral order in one particular direction perpendicular 
to that of the molecular chains, i.e., the direction perpendicular to 
the Ao plane. Order in the other lateral direction (A 3 ) is nearly con¬ 
stant in all specimens. 

The x-ray results show that if the average thickness and per¬ 
fection of the lamellae increase (line 101 sharper), the total number 
of well-ordered 101 plane contracts diminishes (integrated intensity 
drops). The total mass of lattice-ordered substance thereby remains 
constant. In other words, thicker and better formed lamellae involve 
a smaller number of ordered A^ plane contacts. 

This picture is not inconsistent with current views regarding 
the structure of cellulose gels as representing networks of rather 
stiff chains. Since Aq planes are those planes whose cohesion in the 
lattice is weakest, they will always tend to be the most poorly ordered 
ones. The A 3 contacts are the preferred ones and their number is al¬ 
most constant. (The intensity ratio, peak Il/peak I, is always larger 
than the theoretical one.) 

If, by some process of "recrystallization," lamellar order im¬ 
proves in certain nuclei, tensions will arise in the immediate vicini¬ 
ty of the nuclei and other lamellae (possibly smaller or imperfect) 
are tom loose en revanche. Order with rei^ect to the A 3 plane, held 
together by much stronger cohesive forces, is not, or is much less, 
affected. 

A nice support of this eiqplanation seems to be afforded by the 
saponified acetate rayons listed in Table n. The two stqponified 
rayons obtained by low-temperature saponification ot ordinary ace¬ 
tate rayon take an average position in Figure 1 (triangles). The fiber 
obtained by low-temperature saponification of a previously "recrys¬ 
tallized" sample of acetate rayon, on the other hand, takes a very 
extreme position (triangle in top left part of the figure), although its- 
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total crystallinity is no diRerent. Its 101 line is unusually sharp and 
it also has a very low total intensity amoimting to no more than 3-4% 
of that of the second peak. It would seem that the ‘'recrystallization” 
of the acetate, as provoked by previous heating in methanol, involves 
a similar process of redistribution of the total amount of lattice or¬ 
dered substance. 

Provldedtheprocess of recrystallization is interpreted strictly 
in that way, we may perhaps still, in a sense, associate various de¬ 
grees of recrystallization with the various rayon specimens investi¬ 
gated. It then appears that the highly orientated rayons (where some 
kind of improved order is most readily eiqsected) actually lie in the 
upper left part of Figure 1 (except Lilienfeld rayon, which seems to 
represent a particular case). 

In may be that in measurements of accessibility by means of 
chemical reactions (see the preceding paper (1)) the states of lateral 
order referred to above play a certain part, which, in part at least, 
may also account for the entirely different results obtained by such 
methods as compared with the total crystallinity figures deduced from 
x-ray work. 

In chemical reactions, with conservation of the fiber form, x-ray 
work shows that it is always the 101 plane that is affected first. The 
location of the 101 line, its sharpness, or its intensity, is thenaf- 
f ected,often long before any change in the 002 or other lines is observed. 
The same appliesto many cases of intramicellar swelling of cellulose 
and its derivatives. This is entirely consistent with the view devel¬ 
oped here. 
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Synopsis 

X-ray measurements on 16 different specimens of regenerated 
cellulose reveals that there exists a pronoimced negative correlation 
between the integrated intensity of the 101 interference and its half¬ 
width. The 101 plane is a prrferred cleavage plane and represents 
the lamellar plane of the ribbon-shs^ed crystallites. Variations in 
the intensity of the other interferences are much less or nonexistent. 
These results show that the degree and the perfection of lateral 
order according to the lOl and 002 planes is little at variance, but 
that order according to the 101 plane is extremely variable in such 
a way that if the average thickness and (or) perfection of the lamellae 
increases, the total number of well-ordered 101 plane contacts 
diminishes. As a possible explanation of this phenomenon it is siig- 
gestedthat various degrees of recrystallization with reference to this 
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particular plane (i.e., various degrees of lateral order) may be 
associated with the Various rayon qjecimens. This, however, does 
not necessarily imply differences in the total amount of ordered 
substance. This eiQilanation is corroborated by the fact that cellulose 
acetate fibers which were previously allowed to “recrystallize” by 
heating in methanol, after saponification yield a rayon with a partic¬ 
ularly sharp, but also particularly weak, 101 interference, without 
exhibiting a higher total percentage of ordered substance than the 
saponification products of acetate treated in this manner. 

Resume 

Les mesures, effectuees aux rayons X sur seize echantillons 
differents de cellulose regeneree, prouvent qu*il existe ime correlation 
negativeprononcee entre I’intensite integree de l’interf§rence 101 et 
sa demi-largeur. Le plan 101 est un plan de clivage preferential, et 
constitue un plan lamellaire des cristallites stries. Les variations 
d'intensite des autres interferences sont moindres ou inexistantes. 
Ces resultats semblent montrer_que le degre et la perfection d’ordre 
lateralpar rapport aux plans 101 et 002 sont en faible desaccord; par 
contre, I’ordrepar rapport au plan 101 est extremement variable, de 
telle fa<;on que si I’epaisseur moyenne ou la perfection des lamelles 
s’accrott, le nombre total de plans 101 adequatement disposes 
s’accroTt. Une explication possible de ce phenomene consists en ce 
que des degres variables de recristallisationpar rapport a ce plan par- 
ticulier (degres differents d’ordre secondaire) peuvent etre associes 
aux differents Echantillons derayonne. Ceci,toutefois, n’implique pas 
necessairement des diffErences dans la quantitE tot^e de substance 
ordonnEe. Cette e^qilication est confirmEe par le fait que les fibres 
d’acEtate de cellulose, auxquelles une recristallisation a EtE rendue 
possible par chauffage dans le mEthanol, fournissent apres saponifi¬ 
cation, une rayonne, caractErisEe par une interference bien nette, 
mais remarquablement faible 101, sans manifester un pourcentage 
total en substance ordonnEe plus ElevE que les produits de saponifi¬ 
cation d’acEtates, qui n’ont pas subi le mEme traitement. 

Zusammenfassung 

Roentgenstrahlenmessungen an 16 verschiedenen Proben 
regenerierter Cellulose zeigen, dass eine ausgepr^e negative 
Korrelation zwischen den Integrierten IntensitEten der 101 Inter- 
ferenzen und ihrer Halb-breite existiert. Die 101 Ebene ist eine 
herorzugte ^altebene und entspricht der lamellaren Ebene der 
bandformigen Krystallite. Die Abweichungen in den Intensitaten der 
anderen Interferenzen Sind vielkleiner Oder kommen nicht vor. Diese 
Ergebnisse deuten an, dass der Grad und die Vollkommenheit der 
seitwErtigenAnordnungnachdenl01und002 Ebenen wenig abweichen, 
dass aber die Anordnimg nach den 101 Ebenen in der Weise Schwan- 
kungen unterworfen ist, dass wenn diedurchschnittliche Dicke Oder 
Vollkommenheit der Lamellen steigt, die Anzahl gutgeordneter Ber- 
unhrungspunkte der 101 Ebenen abnimmt. Zur Erklarung dieses 
Phanomens wird vorgeschlagen, dass verschiedene Grade der 
Neukrystallisierung mit Bezug auf diese besondere Ebene (d.h. ver- 
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schiedene Grade seltvartiger Proben) in den verscMedenen Kunst- 
seide Exemplaren vorkommen. Das hat nicht zwangsweise Ver- 
schiedenhelten in dem Inhalt geordneter Substanz zur Folge. Diese 
Erkl^ungwird dadurch unterstutzt, dass Celluloseazetatfasern die 
zuerst durchErhitzeninMethylalkoholauskrystallisiertwurden, nach 
Verseifung eine Kunstseide liefem mit besonders scharfer, aber auch 
besonders schwacher 101 Interferenz, ohne dass der Prozentsatz 
geordneter Masse hbher ist als in Verseifungprodukten von Azetat 
des nicht so behandelt wurde. 
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REVIEW 


THE TECHNOLOGY OF ADHESIVES. John Belmonte. Reinhold, New 
York, 1947. 516 pp. Price $8.00. 


A comprehensive source book on adhesives has long been desira¬ 
ble, and the need has been largely obviated by the bringing together 
of a miscellany of scattered Information of an empirical nature by 
Delmonte. Included are exhaustive compilations of data on phenolic, 
urea and melamine, and vinyl-type resins useful as adhesives. Natu¬ 
ral polymeric substances as source materials for adhesives are 
discussed imder headings on cellulose, proteins, dextrin, and shellac. 
As an alternate approach, several chapters are devoted to adhesives 
for specific purposes, as for wood, plastics, metal, rubber, paper, 
and mica. A final chapter is concerned with the testing of adhesives. 

At present, any treatise in this field clearly reveals the paucity 
of e^eriments designed to increase our understanding of adhesion. 
The author has a well-thought-out chapter on the theories of adhesive 
action. Recently a number of such reviews have appeared—by Weyl, 
Hofrichter, de Bruyne, and others. All reviews serve to show that 
except for the early work of McBain little advancement has been made 
in the science of adhesion. Merely quoting equations of Gibbs and of 
Langmuir and data on monolayers on liquids does not appreciably 
further our knowlec^econcerningthe adhesion properties of the many 
resins extensively describedby Delmonte. What is needed in the field 
of the adhesion of high polymers is a new approach and more research, 
now that new and exciting tools are at hand. This is the reviewer’s 
feeling after going over this excellent contribution to the literature on 
adhesives. 

The book contains voluminous literature references at the end 
of chapters and an excellent index. It is a book that practicing poly¬ 
mer and adhesive chemists will want to own. 


A. F. Chapman 
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Simple Presentation of Network Theory of Rubber, 
with a Discussion of Other Theories 

HUBERT M. JAMES, Purdue University, Lafayette, Indiana, and 
EUGENE GUTH, University of Notre Dame, Indiana 


It seems now to be generally agreed that soft rubberlike ma¬ 
terials consist of long flexible molecules more or less completely 
linkedinto a coherent network by chemical bonds formed during cure. 
These bonds suppress, for the most part, the plasticity that the liq¬ 
uidlike mass of molecules would otherwise have, but leave the mole¬ 
cules free to take on a great many configurations of essentially the 
same energy under the influence of thermal agitation. The tendency 
of stretched rubber to retract is then understood as a kinetic phe¬ 
nomenon, like the tendency of a gas to expand: it is the tendency of a 
system to assume the form of maximum entropy when the internal 
energy is essentially independent to form. 

There is no similar agreement as to what constitutes an ade¬ 
quate theoretical treatment of such materials. In particular, there 
exists a wide variety of formalisms for the derivation of the stress- 
strain relation of an ideal soft rubber. These are usually referred 
to as network theories, though the only treatment that actually deals 
with a general network of flexible molecular chains is that of the au¬ 
thors (1). Other treatments have been based on the consideration of 
individual elements or small groups of elements from networks,con- 
cerning the behavior of which special assumptions were made, or they 
have proceeded on the basis of general ideas that involve no reference 
whatever to the network structure of the material. The relation of 
these theories to the general network theory of rubber is the subject 
of the present paper. 

As background for the discussion of other theories we shall 
first develop the theory of rubber, considered as a random network 
of long flexible molecules, in a particularly simple way.^ The ease 


♦The treatment given here starts from the same basis as that of ref¬ 
erence 1, but proceeds in a simpler way to a more restricted result- 
the derivation of the stress-iirain relation. This analysis concen¬ 
trates attention on the entropy, as in the custom of other writers on 
the subject; our earlier one shifted attention at the earliest possible 
moment from the entropy to the average forces exerted by the net¬ 
work segments, since this seemed to give a better picture of the de¬ 
tailed relations between network elements. The significance of our 
earlier analysis of the general rubber network has been widely over¬ 
looked, partly because its detailed character led to its being put in an 
Appendix, and partly because of its unconventional approach to the 
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with which anetworkof general form can be treated will make it evi¬ 
dent that there is little need to base network theories of rubber on the 
use of more speciaLmodels. Next, we shall examine an idea that ap¬ 
pears in many discussions of rubber which employ simplified models- 
the idea that the junctions of the rubber network can be treated as if 
they were fixed in space. We shall show that this picture of the situ¬ 
ation is quite unrealistic: the Junctions have a Brownian motion com¬ 
parable to that of any portion of the intervening molecular segments. 
The common assumption to the contrary does not affect the results 
of some tjrpes of calculations, but it is inadmissible in the treatment 
of other problems. Finally, we shall show that the theory of Wall (2), 
which employs no special model, is based on postulates that are in¬ 
consistent with the network structure of rubber. 

I. ELEMENTARY PRESENTATION OF 
NETWORK THEORY OF RUBBER 

We start the formulation of our picture of rubber by the con¬ 
sideration of milled rubber. All rubbers-natural or synthetic-are 
composed of very long flexible molecules. When raw rubber is mil¬ 
led, such structure as formerly existed in it is broken down, and the 
milled rubber becomes essentially a liquidlike mass of flexible rub¬ 
ber molecules. This mass is highly viscous, because the tendency of 
the long flexible molecules to become tangled with each other impedes 
their relative motion, but, as with any liquid, there is no definite form 
to which it will return when external forces are removed. 

The process of cure introduces into this mass the elements 
of structure which hold the molecules in fixed relations to each other 
and suppress the plasticity. It consists in the introduction of strong 
and definite bonds between the long molecules which eventually link 
them into a coherent network extending throughout the whole mass; 
it is the definite structure of this network that determines the definite 
form of the material under zero external force. This network will be 
highly irregular, being formed by the introduction of bonds essentially 
at random, but on the average it will be homogeneous and isotropic when 
the material is unstretched. Not all of the rubber molecules will be 
actively involved in it. There will be many side chains and loose ends, 
as well as material not bound into the network, part of it extractable 
by solvents, part consisting of snarls inextricably entangled with the 
network. 

In lightly cured materials there will be relatively few of these 
bonds introduced. On the average, each molecule will be involved in 
only a few bonds; a relatively small portion of each molecule will be 
involved in the formation of intermolecular bonds. Only near these 
bonds will the molecules be brought into definite relations to their 


subject. In particular, we must call attention again to the fact that 
the simple three-dimensional network employed for purposes of vis¬ 
ualization in the body of reference 1 was introduced only after it was 
proved to be equivalent for the purposes at hand to anetwork of arbi¬ 
trary form. This equivalence also follows easily from the treatment 
in Section I of the present paper. # 
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neighbors. Over most of their great length the molecules will exert 
the same forces on, and be in the same relation to, adjacent molecules 
as in the liquidlike milled rubber. In particular, the Brownian motion 
of the molecules will not be suppressed. They will move past each 
other andtakeona great variety of configurations, just as they would 
if immersed in a foreign liquid-the only restraints on their Brownian 
motion being those impressed by the relatively few fixed bonds be¬ 
tween the molecules. 

We shall consider a soft rubberlike substance, then, as a li- 
quidlike mass of flexible molecules subject to the permanent con¬ 
straints implied by their union into a coherent network by bonds formed 
at relatively fewpoints. It is the presence of these bonds-which tend 
to control the form of the material-that differentiates rubberlike ma¬ 
terials from liquids. It is the small number of these bonds-and their 
weak control of the form of the material through the entropy rather 
than through the Internal energy-that differentiates rubberlike ma¬ 
terials from ordinary solids. 

We shall discuss the behavior of rubber by consideration of 
two thermocfynamic functions; the internal energy U and the entropy S. 
From these, one can determine the force Z tending to change a dimen¬ 
sion L of the system, as: 

Z(L.T) -- OU/BDt-T( 3S/BL)ir (1) 

where the derivatives are to be taken with the perpendicular dimen¬ 
sions constant (cf. equations 18 and 19). 

Aside from a constant contribution due to the formation of in- 
termolecular bonds, the internal energy of a soft, uncrystallized, un¬ 
stretched rubber is the same as that of a liquid of rubber molecules. 
We shall assume that the internal energy of rubber, like that of any 
liquid, will not depend at all on the form of the material, but only on 
its volume and temperature. In doing so, we shall neglect the change 
in potential energy of the molecules when they are bent or extended, 
iq> to the point where they are completely straightened out and further 
extension will involve stretching of valence bonds in the molecule; in 
other words, we treat the molecules as being perfectly flexible. We 
also neglect changes in the internal energy due to the increasing align¬ 
ment of the molecules as the material is stretched. This is permissi¬ 
ble only as a first approximation, and for not too great extensions of 
the material.* We write, then, as for a liquid: 

U = U(V,T) (2) 

U has a sharp minimum with respect to variation of V at the normal 
volume of the material; the volume of the material under given ex¬ 
ternal forces is largely determined by U. The exact form of the fun¬ 
ction U (V,T) will depend on the forces with which the molecules in¬ 
teract, and will thus depend, for instance, on the number and charac¬ 
ter of the side chains and polar structures which may be present in 


*It is to be emphasized that the internal energy depends strongly on 
the form of the material when crystallization takes place, as when the 
material is subject to large extension. We shall not consider such 
cases here. 
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the molecules. Such features of the structure, which vary from one 
rubberlike material to the next, will in effect determine the compressi¬ 
bility and the coefficient of thermal expansion for the material. For 
this treatment of rubber like elasticity it is not necessary to consider 
these intermolecular forces in detail; they enter only throu^ the com¬ 
pressibility and co^iclent of thermal expansion, which ^pear in the 
theory as observable constants. 

As with gases and liquids, the entrc^y of such a system of flex¬ 
ible chains has, in statistical terms, a relatively simple form. It is 
characteristic of these systems that there are accessible to the com¬ 
ponents an enormous number of configurations, all with essentially 
the same low potential energy. Configurations of higher potential en¬ 
ergy are also possible, as when molecular chains are stretched or the 
separations of atoms are otherwise changed, but these occur with rel¬ 
atively small probability. Under these circumstances the entropy can 
be expressed, with sufficiently good approximation, as the sum ot two 
parts. The first, Sj, associated with the kinetic energy of the network 
or the thermal capacity of the material, is primarily a function of the 
temperature, but may depend slightly on the volume. The second is 
related to the number, C, of low energy configurations accessible to 
the system: 

S 2 = t In C (3) 

The number of configurations accessible to the network will depend 
upon the externalform of the material; C, and thus So, will be a fun¬ 
ction of the form of the material, but will be indepenwnt of its temp¬ 
erature. For a rectangular parallelepiped of rubber, with edges of 
lengths Ljj, Ly, L^: 

S = Si(V,T) + k in ClLx.Ly.Lj) (4) 

The first of these terms will need no detailed discussion here. 

In enumerating the configurations possible for a network, and 
evaluating the second term in the entity, some simplification of the 
physical picture is unavoidable. Any simplified model must, however, 
give an adequate representation of the following features of the real 
system: (l)theflexibility(tfthemolecules,whichmakes it posslblefor 
each constituent segment of the network to take on a great number of 
configurations; (2) the constraints implied by the union of the chains 
into a network, which make it impossible for the chains to take on all 
configurations independently; and (3) the volume-filling property of 
the molecular chains, which prevents any two of them from occupying 
the same region in ^ace simultaneously. 

In the mathematical treatment of the system, the flexibility of 
the molecules enters through the functions that give the number of 
configurations possible for each individual section of chain when its 
ends are fixed at various separations. These functions we shall call 
the configuration fimctions for the chain segments. Now, whatever the 
structure of a flexible chain, its configuration function may be taken 
as of Gaussian form: 

-Cjr 

c(r) = Cie (5) 

r being the separation of the ends, under just two conditions: (1) the 
chain must be long as compared to any part of it with appreciable stiff- 
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n6ss, and (2) only s^arations of the ends which are suHiciently small 
compared to the total length of the chain shall be considered (3). In 
the present discussion we shall restrict our attention to lightly cured 
materials in which all chain segments between Junctions in the network 
are long, and shall consider only moderate extensions of the material, 
such that the segments are, on the average, not highly extended. Ac¬ 
cordingly, without regard for any special characteristics of the mole¬ 
cular chains, we can assume with good approximation that every seg¬ 
ment of the network has a configuration function of Gaussian form. 

The constant C 2 in the configuration function will vary with 
character and length of the chain. It is often convenient to character¬ 
ize each chain not by the constant C 2 , but by a parameter N defined 

by- 


writing: g 

c(r) = c, exp { - —^ r®} (7) 

This expression is of the form of the configuration function, for small 
extensions, of a chain of N Independent links of fixed length 1 (3a). 
Withoutinany way restricting the generality of our discussion, we can 
apply the same formalism in dealing with other types of flexible chain, 
such as occur in actual rubbers. The length 1 is a parameter char¬ 
acteristic of a material and N may vary from segment to segment. 

In calculating the number of configurations possible for the 
molecular chains in a piece of rubber, the essential constraints are 
those implied by the linking of these chains into a network. Of these 
we shall take full account. 

In addition, there are the constraints, which we shall term 
steric hindrances, that arise from the fact that two molecules cannot 
occupy the same volume in ^ace or pass through each other. This 
volume-filling property of the molecules makes itself felt in its 
control of the volume of the material,largely through the internal 
energy. It also affects the entropy by eliminating from consideration 
all config\iratlons of the network in which two portions of a chain 
occupy the same volume. These steric hindrances would have a 
complicated effect in a detailed enumeration of the configurations 
possible for the network, and it is necessary to neglect them. 
Justification of this approximation is an important step in the devel¬ 
opment of the theory of rubberlike materials. The argument required 
is given in i^pendix A to avoid undue interruption of the main argu¬ 
ment at this point. Fortunately, the result of the discussion is simple: 
in lightly cured materials, not overly stretched, the steric hindrances 
chaise the number of configurations possible for the network by a con¬ 
stant factor. This factor, independent of the form of the material, 
does not affect the forces exerted by the material, and can be neg¬ 
lected here. 

To summarize, in computing the entropy of rubber we shall 
consider it as an arbitrary network of chains with Gaussian configu¬ 
ration functions, subject to all the constraints inqplied by their union 
into a coherent network, but free from other constraints. Such a net¬ 
work we shall call a Gaussian network. 

We now define certain terms needed for the precise statement 
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of our methods and results. These are illustrated in Figure 1. 

By the “fixed points” of the network we mean the points at 
which it is immobilized by external constraints. It is at these points 
thatthenetworkexertsforcesontheextemalsystem, and, conversely, 
that the external system exerts forces on the network. The positions 
of the fixed points will determine the external form of the material. 

By the active portion of the network we mean that portion of 
the network that stretches between the fixed points and contributes to 
the forces exerted by the network on these points. A portion of chain 
is part of the active network if and only if it is part of some non-re- 
tracing path along the chains from one fixed point to another. The 
rest of the material may be described as unattached material and loose 
ends, the latter category including perhaps quite complicated chain 
structures attached to the network at a single point. 



Fig. 1. Temlnology for description of network. The 
segeents are to be considered as bonded together wherever 
they cross, segnents of active network (solid line); loose 
ends (broken line); unattached material (- — •): fixed points 
(A); Junctions of active network (•). 

The term “junction” typically includes all points of bonding be¬ 
tween molecules; a “segment” of the network is a portion of a mole¬ 
cular chain that extends between two adjacent junctions of the network. 
In considering the active network alone, we shall consider as junc¬ 
tions only the points of union of segments of the active network; we 
exclude from consideration, for instance, the points at which loose 
ends are bonded to a segment of the active network. 

Now the essential characteristic of the active part of the net¬ 
work, as we have defined it, is that it contributes to the entr(q;>y a term 
that depends upon the positions of the fixed points, that is, upon the 
external form of the material. In the case of a system of independent 
flexible chains, the number of configurations possible for the system 
as a whole is the product of the number of configurations possible for 
each of the independent parts. The entropy, essentially the logarithm 
of this number, will be, correspondingly, a sum of contributions from 
the independent molecules, and will be independent of the form of the 
material unless each molecule is somehow subjected to a constr aint 
dependii^ on the form of the material. In the case of a network struc- 
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ture, the number of configurations possible for each of the loose ends 
and for each portion of imattached material will be independent of the 
positions of the fixed points. The number of configurations possible 
for the system as a whole will involve as factors each of these num¬ 
bers, together with the number of configurations possible for the ac¬ 
tive network, which does depend on the position of the fixed points. 
The entropy, correspondingly, is the sum of contributions from the 
loose ends and the unattached material, which will be independent of 
the form of the material, and a contribution from the active network, 
which will depend on the form. As is evident from equation l,it is 
only the latter part of the entropy that will contribute to the forces 
exerted by the system against external constraints. In computing such 
forces it is thus possible to consider the network as stripped down to 
its active part. 

The number of configurations possible is easily computed for 
an arbitrary active network. First of all, one can immediately write 
the number of configurations consistent with any given set of positions 
of the fixed points and junctions of the network. Let the positions of 
these points be indicated by Cartesian coordinates (xr , yr , Zr ,) or 
the vector rr . When it is necessary to distinguish junctions from 
fixed points we shall use numerical or letter subscripts for the for¬ 
mer, and subscripts a, jS ,...for the latter. Let the chain segment 
joining the points (xr , yr , Zr ) and (Xj, , yj, , Z|/ ) be one of Nri' 
links, with configuration function: 

c(|r,.-r,^|) = e*p{- (8) 


Giventhepositionsofthe junctionsandfixedpoints,the chain segments 
are otherwise independent, in the present approximation of neglected 
steric hindrances. The number of configurations possible for the net¬ 
work is then simply the product of the number of configurations pos¬ 
sible for the Individual segments: 


c(», 




-Uv*’ 


,)* + (y^-yy 


]} 


(9) 


the sum being over all pairs of points (fixed points or junctions) that 
are connected by chain segments. 

To determine the total number of configurations of the network 
consistent with given positions of the fixed points only, we now have 
tosumC(r(£,r^...r|, r^...) over all possible sets of positions of the junc¬ 
tions. Intheapproidmation in which all configuration functions are of 
Gaussianform, each junction can take on any position in space, what 
ever the positions of other junctions.* The total number of configura¬ 
tions as a function of the positions of the fixed points is then: 


= JdXiJdyJdzJdxJdysJrtz,--- C(r^.r^, • • Ti .r,, • • •) (I'D 

the integrations being over the coordinates of all network junctions. 

Complete evaluation of this integral is possible (4) but not nec¬ 
essary for the purposes of this argument. We note that the integral 


♦In the actual network the separation of adjacent junctions is limited 
by the length of the chain segment connecting them. With the equiva¬ 
lent Gaussiannetwork, greater separations are possible, but the “con¬ 
figurations” possible for these separations are so few that it makes 
no difference whether we count them or not. 
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can be expressed as the product of three factors involving, respec¬ 
tively, the X, y, and z coordinates. The x factor is: 

JdXiJdxJdXa* • • ®*P^"2 'Pt>v 


The effect of the integrations on the form of the integrand is easily 
ascertained. If we single out the coordinate xj for special attention, 
we can rewrite the integrand, completing the square of the terms in 
X| in the exponent in the familiar way, to obtain: 


,3^1. 

—)lXi-L(x .•••Xa.' 

Zi T Nir 




where L is a linear form and Q a quadratic form in all x’s but xj. 
Integration over x^ affects only the first factor, replacing it by a 
constant multiplier; the multiple integral becomes: 


kijdxj/dxj 


exp <-^Q(*a*”'X».Xa 


Similarly, integration over X 2 , X 3 ,... eliminates the variable in ques¬ 
tion from the integrand, but leaves this as an exponential of a quad¬ 
ratic form in the remaining variables. After integration over the co¬ 
ordinates of all jimctions there then remains an exponential of a quad¬ 
ratic form in the coordinates of the fixed points only, which can be 
written as: 


Co exp 




(x<.-x^)®} 


the sum being over all pairs of fixed points. The Naj3 arc constants, 
having the character of the number of links in a chain, which 
in general may depend on all the constants Nti/ (8). The y andz inte¬ 
grals are of exactly the same form, and the results of the integra¬ 
tions are the same, x being replaced by y or z throughout. Thus it is 
evident that: 


.) = Ciexp 2 2 —[(x„-x^)* + (y„-y^)® + (x„-»^*]} (] 


The form of this result is independent of the character of the network, 
which makes itself felt only throughthe constants Cl and Ntf^ . It will 
be noted that this expression is the same as that which would be found 
if the network consisted simply of independent chains of H'cgfi links 
running between the fixed points a and j3. As concerns entropy and 
entropy forces, then, an arbitrary Gaussian network can be r^laced 
by a corresponding set of independent Gaussian chains running between 
each pair of fixed points. This simplified equivalent network is con¬ 
veniently employed in certain tjrpes of computation. 

The xpacialcaseto which we shall now devote our attention is 
that of a piece of rubber which at a standard tenq>erature and in the 
absence of external forces is a unit cube, but which is subjected to 
uniform stretching parallel to the edges until these have lengths Lxi 
Ly, L 2 . If all external forces are xPPlied normal to the surfaces, the 
fixed points will lie on these surfaces in positions which change in 
proportion to the corresfponding dimensions of the material. H three 
of the faces of the parallel^iped are taken as the coordinate planes: 
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X = x^^^L 

Cl a 


y a 


( 12 ) 


Xa » Ya > * « being the coordinates of the a fixed point when 
the material is unstretched and at the standard temperature.* The 
number of configurations possible for the network, now a function of 
Lj, Ly, L^, then becomes simply: 

• (L^.Ly.Lj) = Ki exp {-(KxLx+KyLy+K^l^)} (13) 


where: 
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and Ky and have similar forms. If the rubber is isotropic on the 
average, there will be nothingto distii^ish the three coordinates di¬ 
rections, and one will have = K/2. We then write: 

exp { ~ (Lx'*‘l<y'*‘1*2) } (15) 


This equation, and more generally equation 11, states a very simple 
and interesting result: when an arbitrary network of Gaussian chains 
is subjected to uniform stretching in three coordinate directions, by 
corresponding displacement of its fixed points, the number of con¬ 
figurations possible for the system as a whole is a Gaussian function 
of its external dimensions. This result is not at all affected by the 
presence of loose ends or unattached material in the system, nor will 
these change K or the entropy forces exerted by the network. 

Equations4andl5yleldthefollowinge}q)ression for the entro¬ 
py of a rectangular parallelepiped of rubber; 


kK , 2 

S = s^(V,T) - Y (Lx^L^.+L^) 


(16) 


where the constant k In K, has been absorbed into S^. 

Having arrived at expressions for U and S, we can derive the 
stress-strain relation for an ideal rubberlike material. We consider 
as before a rectangular parallelepiped of volume: 


originally a unit cube, subject to total outward forces X, Y, and Z on 
the faces perpendicular to the three coordinate directions. The work 
done by the system when its dimensions undergo small changes is: 


dW = - X dLx - Y dLy - Z dL^ ( 18 a) 

the change in Internal energy is: 

dU = T dS + X dLx + y dLy ■* Z dLj; 
and the change in the free energy (F = U - TS) is; 

dF = - S dT + X dLx + Y dLy •*■ Z 


*These relations can be derived as consequences of the assumption 
that all forces are normal to the surfaces. In order to keep the argu¬ 
ment here as simple as possible one may consider these equations as 
describing one possible type of surface constraint. 
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Thus: 


L, 


- filL\ - t(—\ 

f I 1*2 > T y Ly , L 2 > T \ j Ly ^ L 2 ( 1 


(19) 


ffimiiar equations holdfor Y and Z. From equations 2 and 17 it follows 
that: 

'3U\ ITU' 


^ au \ /3v\ 

^3Lx/Ly,L2.T \^t) 


Ly , L 2 • 1 


13V, 


Similarly: 


^B^Ly.Lx.T ^ 


, = 

Bv It 


BVi 


By use of equation 16, equation 19 then becomes: 

(tu'\ 


X = 


BV 


+ T 


'asi\ "I 


kncL, 


( 20 ) 


Nowthe quantity in brackets involves only terms which occur also in 
the internal energy and entropy of the liquidlike uncured material; it 
is in fact just the pressure in such a liquid:* 


p = 


+ T 


BS,\ 

,3V/ 


We then write: 


X = - PLyLj + KkTLx 
Y = - PLjLj + KkTLy 
Z = - PL^Lj + KkTLx 


( 21 ) 

(22a) 

(22b) 

(22C) 


These equations express the forces exerted by the material, -X, -Y, 
-Z, as sums of two parts-the outward forces exerted by a hydrostatic 
pressure? acting on the respective face areas, and inward pulls (en¬ 
tropy forces exerted by the network) proportional to the extension of 
the material in the given direction.** 

In the case of unilateral stretch in the z direction of material 
freefromextemalpressure,onehas = Iy> X = Y - 0. Then, from 
equations 22a and 17, one has: 

P = Pp = KkT/Lj 

Thus, there is a hydrostatic pressure inside the material even when 
it is subject to no external pressure. This is due to the tendency of 
the network to take on configurations of higher entropy and smaller 
volume; it is an internal pressure arising from the tendency of the 
network to contract. Equation 22c, by use of equations 17 and 23, then 
becomes: y 

Z = KkT [I, - —] (24) 

When an external pressure is applied to the system, we 


*The difference in sign in equations 19 and 21 is due to the fact that P 
gives a force tending to decrease V, whereas X is a force tending to 
increase 

**The origin of these forces has been discussed from the point of 
view of kinetic theory in Reference 1. 
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may divide the force on the x-faces of the cuboid Into tvK> parts, one 

of hydrostatic origin, -P.L L , and one of other origin, X': 

c y z 

X = X* - PgLyLz 

Equation 22a then becomes: 

X’ = - (P - Pg) LyLj + KkTL^ (22a') 

Similar equations hold for Y'and Z' If the material Is subject to uni¬ 
lateral stretch under external pressiire (X'= Y'= 0) one has as before: 


P - Pg = Pn - KkT/L^ 

(23') 

Z‘ = KkT - V/L^] 

(24') 


Thus, equation 23 gives the Internal pressure due to the network, and 
equation 24 gives the force required to bring the cuboid to length L„, 
whether or not the material is subject to a hydrostatic pressure in ad¬ 
dition. This result is valid whatever the change in volume of the ma¬ 
terial on stretching, or on change in temperature or hydrostatic pres¬ 
sure. As a first approximation one may write: 

V = Vo [1 + a (T - To) - 3P] 

(25) 

or * 

V = Vo (1 + a (T - To ) - P (Pp + P„)] 

The compressibility of rubber is of the order of that of typical liquids^ 
and the change of V with Pn during stretch is unimportant. On the other 
hand, the temperature dependence of the volume is of importance for 
the understanding of the thermoelastic properties of rubber. 

Equation 24 gives a form of the stress-strain relation that is 
characteristic of molecular networks, so long as they can be treated 
as Gaussian. In particular, it is independent of the structure of the 
network. The magnitude of the forces, however, does depend on the 
structure of the network; it is changed, for instance, if the structure 
is modified by further cure of the material. To determine the con¬ 
stant K requires specification of the network structure, either in de¬ 
tailor in some statistical sense. The most realistic approach to the 
determination of the constant K or the rigidity of the material, as 
it depends on the factors which describe the state of cure of the ma¬ 
terial, seems to lie in a consideration of the process by which physi¬ 
cally occurring networks are built iq> as cure proceeds. We have de- 
velopedthe theory of this process elsewhere (5), and have there dis¬ 
cussed fully the relation of this treatment of the problem to that em¬ 
ployed by other authors. Comments on this point will also be found 
in following sections. 

n. MODIFICATION OF THEORY BY ASSUMPTION THAT NETWORK 
JUNCTIONS ARE FIXED IN SPACE 

In the theoretical treatment of so complex a system as a piece 
of rubber it is always necessary to replace the physical system by a 
simplified model. In the preceding section we have discussed a model 
of rubber which is idealized in three principal ways: it is assumed 
(a) that the internal energy is Independent of the form of the material, 
that each segment ofthe network has a Gaussian configuration func- 
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tion, and (c) that the steric hindrances between the network segments 
change the entropy only by an additive constant (see Appendix A). On 
the other hand, full account is taken of the fact that the molecular seg¬ 
ments are linked into a network, without its being necessary to assume 
that this network has any special form. 

Other theories of rubber that employ definite models of the 
system have avoided consideration of the rubber network as a whole 
by introducing additional assumptions. The resulting simplifications 
of the model all depend on the more or less extensive use of the idea 
(eiiplicit or implied) that the junctions of the network can be considered 
to occupy fixed positions in space-positions which change in some 
definite way as the material is deformed. 

The idea that the network jimctions occupy fixed positions in 
space has been most concretely expressed by Kuhn. His earlier pa¬ 
pers (6) deal with a model of rubber which, in effect, consists of flex¬ 
ible molecular chains with fixed ends, mid-points, and quarter-points. 
In his more recent papers (7,8) he pictures bulk rubber as a network of 
molecular chains, but states (7) that the points at which the chains are 
linked together to form the network thereby ‘‘become fixed and are 
practically excluded from taking part in the Brownian motion... Only 
the chain elements lying between these knots can move freely to some 
extent.” On this assumption, his earlier formalism is applicable to 
the new model without change, the fixed points of the molecular chains 
in his earlier theory being identified with the network junctions, or 
with other points where equivalent constraints are effective (7). 

Flory and Rehner (9) have employed the same idea as a sim¬ 
plifying assumption, without insisting on its close correspondence to 
physical reality. They consider a portion of a network, or ‘‘cell,” 
consistingoffourmolecular segments joined to each other at one end 
and with the other ends fixed at the four vertices of a regular tetrahe¬ 
dron. Thus, they consider a central junction that is not fixed in po¬ 
sition, and four junctions that are fixed at the vertices of the tetra¬ 
hedron. The idea of fixed network junctions is also implicit in the 
work of Treloar (10), who has modified Kiihn’s formalism by treating 
only the end points of the chains as fixed. 

In Section HI we shall show that it is very far from true that 
the junctions are fixed in space; in fact, they have a Brownian motion 
that is almost as extensive as that of other elements of the network. 
On the other hand, we shall there give arguments which indicate that 
one can nevertheless compute the entropy correctly on the basis of this 
assumption. In the present section we shall therefore carry through 
such a derivation, one which is simpler than those usually ^ven, and 
which seems to us to make clearer the essential ideas of the calcula¬ 
tion. 

If the junctions of the network are essentially fixed, each seg¬ 
ment of the network will have a fixed extension determined by the ex¬ 
ternal form of the material alone. Ji, as in Section I, we consider a 
unit cube of rubber stretched into a cuboid with edges l«,Ly, and 
then the extensions of the segment will be: 

* (Vr - y^)' * ( 26 ) 

If steric hindrances between the segment are neglected, these seg¬ 
ments become effectively Independent systems: the number of con- 
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figurations possible for the whole network can be computed sincqply 
as the product of the numbers of configurations which can be assumed 
by the component segments: 

3 

«(L,.Ly,L 2 ) = (^n^n exp {- 7 ^^ <V> (27) 

The entropy of the system is then: 

S(Lx,Ly.L2) = Si(V,T) + k in qt(Lj( .Ly ,Lz) 

3k 1 

= Si(V,T) + k in Q,--rrS 2 —-r^ fLx.Lv.Lz) ( 28 ) 

* 21 T>p -TV y u 

where the last and most important term is the sum of contributions 
from the individual segments, as though they were independent. The 
next essential assumption in the calculation, common to all theories 
in which the junctions are treated as fixed in space, is that the co¬ 
ordinates of all jimctlons change according to the law: 

- (°), .. . 


Vr " Vr Ly 


= 7 , 


(29) 


when the material is deformed. In Section I, similar equations des¬ 
cribed the motion of the points of the network that were subject to ex¬ 
ternal constraint; here, the assumption applies to all junctions, how¬ 
ever remote from external constraints. By equations 26 and 29, eq¬ 
uation 28 becomes: 

S(4,Ly,Lz) = Si(V,T) - k{KxLx + KyLy + K^L*} (30) 

where: 


Kv 


21 T>.. N ^ •' 


(31) 


Ky and have similar forms. The constant k In Cq has been ab¬ 
sorbed intoS^. If the undeformed material is isotropic on the aver¬ 
age, then K = K, = K = K/2, and one has again equation 16. 

A y Z K'K J S J 

S(Lx.Ly.I.5,) ^ Si(V.T) - —(-hi Ly + Lj ) (16) 

To establish a definite value of Kit is necessary to introduce 
further assumptions into the theory. It follows from equation 31 and 
the assumption of isotropy that: 

K =-f(K„ + K. + K„) 


• (»r>-»<:>>-<4°’- 


(^) 

K )*> 


(32) 


= 7T2>2 lr<:V/N^ 

( 0 ) 

where frv is the extension of the rv segment when the material is un¬ 
stretched. Here K appears as a sum of contributions from the com¬ 
ponent segments of the network. If we define: 

(33) 




the fractional extension of the Ti/ segment in the imstretched material, 
we can also write: 




( 34 ) 
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It is thus evident that K does not depend on the detailed structure of 
the network, but only on the number of segments with a given number 
of links, and on their fractional extensions when the material is un* 
stretched. If F(N)dN is the number of segments per unit volume for 
which the number of links lies between N and N + dN, and G(N,X )dX 
is the fraction of these segments which have fractional extensions 
between X and X+ dX , then: 

K= /*<1N j‘d\ F(N)G(N,\) NX® (35) 

0 0 

Theories which assume fixed network Junctions usually include some 
additional hypotheses which serve to fix the distribution functions 
F(N) andG(N,X). The most common assumption, originally due to 
Wall (2), is that the extensions of the molecules have the same 
distribution as would be found in a system of unconstrained molecules 
subject to thermal agitation. From this assumption it follows that: 

G(N.x) 

On carrying out the integration in equation 35 one finds K = G, the 
total number of segments per unit volume in the network, whatever 
the form of F(N). Other assumptions lead to different forms of 
G(N,X), and to other values of K. The significance of this approach 
tothedeterminationofK, and of the rigidity of a material, is discussed 
at length in Section II of Reference 5. 

HI. ARE NETWORK JUNCTIONS REALLY FIXED IN SPACE? 

It now becomes necessary to examine the justification of Kuhn’s 
assumption that the network junctions occupy effectively fixed posi¬ 
tions in space. Kuhn gives no detailed argument in support of this idea; 
his acceptance of it seems to be based on a qualitative picture of the 
situation. We shall now show that this assumption is very unreal- 
istic-that the junctions, in fact, have a Brownian motion comparable 
to that of other elements of the network. 

The coupling together of two elements of a network to form a 
newjunctlon of the network does decrease the extent of the Brownian 
motion of these elements. This can be discussed quantitatively as 
follows. 

It has been shown by James (4) that the number of configura¬ 
tions of an arbitrary Gaussian network consistent with element i having 
coordinates X|, y^, and is: 

«i(»l.yi.»l> = Cl e»p (37) 

where Xgi^ yoi, Zoi, and ^ i are constants. The probability that the 
Brownian ’motion of the network will bring element i to the point 
(X|,y^,z^) is proportional to (It if we write: 

Pi(»i.yi.»i) ' {3/Zrl* e»p + (yi'yoi)* * 

(38) 

then the probability that element i will lie in a volume dV about the 
point xi,yi,zi is: 

dP - Pi (x^.yj.z^) dV (39) 
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Obviously, then, XQ^,yol,Zoi are the most probable values of these co¬ 
ordinates. The rms distance of the element from its most probable 
position is I}j/^1; thus will serve as a measure of the extent 

of the Brownian motion of the element. 

Let j be a second element of the network, with a mean devi¬ 
ation ])j' ^ 1 from a most probable position (xQj^yoj,Zoj)> its proba¬ 
bility distribution will have the form of equation 38, except for a change 
in subscripts. Now let elements i and j be linked together permanently 
by a bond formed when they happen to lie near each other. Together, 
these elements will then constitute a junction in a modified network, 
with a probability distribution function: 

P(».y.*)» {.VTl® ®exp {-(Val® + (y-Jb)* +(*-^5)“]} ( 40 ) 


The most probable position of the new junction, (xQ,yQ,Zo)> can be 
shown to lie on the line between the former most probable positions 
of the separate elements; the fluctuations in position of the junction 
are proportional to j. 

It is easy to show that, if the elements i and j had independent 
Brownian motion before they were bonded together, then: 

JL + (41) 

51+J 

In general, however, these two elements will have been more or less 
closely coupledtogether in the network structure, and equation 41 will 
not apply. In such cases the value of I]^ . depends on and Ij j, but 
also on the fluctuation in the relative coormnates of elements i ana j in 
the original network. It is shown in reference (4) that this fluctuation is 
described by a Gaussian distribution function: 

exp {-(3/21* 9ij)[(f-fo)* + <.V--rhf * (C-fo)*]} (42) 


_ f 3 


n/2 




where f , 17 , and C are the relative coordinates of the elements and 
f o> Vo* ^o» are the most probable values of these relative coor¬ 
dinates [J}Q=XQj-XQj, etc.] The fluctuations in the relative positions of 
the elements are thus proportional to It can be shown that: 

JJi ^ ^ (43) 

When the elements are independent. 


I)., 11 , -n, 


(44) 


The calculation of . in the general case can be made as 
follows. Before the bond is formed between elements i and j, the num¬ 
ber of configurations of the network for which xj and X; have specified 
values in proportional to: 


exp 


l_S_ ^ tJIij-^?i-^jJ(Xi-Xoi)(Xj-Xp^) 


’‘ .i '^0.1 ^ 


20,* 2 Mu 


(45) 


This follows easily from ecjuation 6.2 of reference 4, by use of equa¬ 
tions 5.4, 6.6, and 7.6. After the bond is formed, only those configu¬ 
rations are possible for which x^ = 1 ^ = x. On making this substitu- 



168 


HUBERT M. JAMES AND EUGENE GUTH 


tion into equatlon45and rearranging terms, one finds that their num¬ 
ber is proportional to; 

exy j- > [%j ^^i-gj]xo ,)>2 

\ 1 21} + 2l}i%j + —J}i —1)] (46) 

The probability of finding the new junction with coordinates x is pro¬ 
portional to this number; the probability of finding it with coordinates 
x,y, z is the product of three such factors, differii^ only in the 
substitution of y or z for x. Thus, the normalized probability distri¬ 
bution can be written as in equation 40, with: 

Xo = ( "^1^*01 * )/2l}ij (47) 

li.j • * "Mu • "5j>Iu -1.' -IJ 

= - (l]ij -rfj -3}l)V4)}i, 

It is thus proved that JJy is always lessthanTJj or Jjj andthatthe Brow¬ 
nian motion of the new junction is less than that of the unbonded ele¬ 
ments. 

Formation of a bond between two elements of a network will 
not merely reduce the Brownian motion of the bonded elements; it 
will also reduce the Brownian motion of all nearby elements of the 
network. Kuhn assumes that the Brownian motion of the junctions of 
the network will become very much less than that of elements of the 
intervening chain segments, but this does not follow from the fore¬ 
going proof. This point also is susceptible to a general quantitative 
discussion. Let points i and j be junctions of the network connected 
by a segment with M links, and let k be an element of this intervening 
segment, distant from junction i by Ni links and from junction j by 
Nj =M - N^ links. The distribution function for this intermediate ele¬ 
ment is of the form of equation 38, with the subscript k replacing the 
subscript i. The intermediate element will thus have a Brownian mo¬ 
tion proportional to about a most probable position, which is 
easily seen by the methods in Section vni of reference 4 to be given by: 


*ok ° Xqj + Nj Xqj) / (Nj + Nj), etc. ( 49 ) 


It is shown in Appendix B of the present paper that; 




^[i 





( 50 ) 


)]. approaches JJ. as N.—*0, and approaches J}. as N.—►0; between 
these limits it passes through a maximum. ^ ^ 

A convenient illustration of the relative magnitudes of these 
quantities is provided by the regular cubic network discussed in Sec¬ 
tion IX of reference 4. This consists of segments, each containing M 
links, joined together with the connectivity of a cubic lattice; each junc - 
tion, then,isthepointofimion of six segments. It is shown in Reference 
4 that for junctions of this network not too near the fixed points one has: 


Hi 


(51) 
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If i and j are adjacent junctions; 

(M/2)(l-rr'S (52) 

Since = IJj for this network, takes on its maximum value for the 
element mi^ay between the junctions: = Nj = M/2. For this ele¬ 
ment one has, by equation 50: 

I. 66 II 1 (53) 

It follows easily that in this network the mean fluctuation of the junc¬ 
tion coordinates is only 23% less than that of the mic^oints of the seg¬ 
ments. In addition, it should be emphasized that the difference would 
beexpectedto be greater in this model, where each junction is under 
constraint by six segments, than in a network in which only three or 
four segments end at each junction. In general, then, one cannot ex¬ 
pect that the junctions of molecular networks will have a Brownian 
motion which is very much less than that of other elements of the net¬ 
work. 

It is, nevertheless, a striking fact that one obtains the same 
stress-strain relation whether or not one assumes that the junctions 
are essentially fixed in space. The form of the relation is always the 
same; the identity of the results extends even to the magnitude of the 
stress if the assumed fixed positions of the jimctions are identical 
with their actual most probable positions.* 

The identity of these results was first indicated by us, in the 
Appendix of an earlier paper (1). It was there shown that the junc¬ 
tions of an arbitrary Gaussian network have most probable positions 
which vary according to equation 29, when the fixed points of the net¬ 
work are subjected to displacements of the same homogeneous type. 
It was also shown that the forces exerted by the network will be un¬ 
changed if any movable junction (or other point) of the network is fixed 
at what would otherwise be only its most probable position. It fol¬ 
lows that the computed stress will be unchanged if one treats any or 
all of the actually movable junctions as fixed at its most probable po¬ 
sition. This detailed analysis of the system is useful for many pur¬ 
poses, but it makes the identity of the results of the two types of cal¬ 
culation appear as a consequence of special properties of the Gaus¬ 
sian function. 

An understanding of the identity of these results can be based 
on more general grounds by making use of the idea of distributions 
of configurations (11). One can divide all space into domains, not too 
many in number, such that there will be an equal probability that junc¬ 
tion i Mdll lie in each of these domains; we may denote these domains 
by ViT > ^ = 1,2,3... A different division of space into domains Vjr ap¬ 
propriate to junction j can be made. A ‘*distributionof configurations!’ 
of the network will include all configurations in which junction i lies 
in a specified domain 1^^ , junction j in a specified domain , and 

♦For instance, equation 17 of reference 5, derived on the basis of the 
general network theory, is identical in form with equation 34 of this 
paper, derived on the assumption that the junctions are fixed; in the 
first equation is defined in terms of the most probable positions of 

movable junctions rand v , whereas inthesecondit is correspondingly 
defined in terms of the positions of fixed junctions. 
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so on. If the number of configurations possible for the network seg¬ 
ment? is sufficiently large compared with the number of junctions in 
the network, the total number of distributions will be smaU compared 
to the number of possible configurations of the network. Now the most 
probable configuration of the junctions is that in which each junction 
lies at its most probable position (4). The most probable distribution 
will, correspondingly, be that in which each junction lies in the domain 
which includes its most probable position. The number of configu¬ 
rations in this distribution will differ from the total number of configu¬ 
rations by a factor which is very small as compared with that total 
number. Incomputingtheentropy,proportionaltothelogarithm of the 
number of configurations, one will then make only a small error if 
one counts only the configurations in the most probable distribution- 
configurations in which each j\mction lies near its most probable po¬ 
sition. In the derivation of results that are valid for networks with 
small numbers of junctions (such as those with which we are here con¬ 
cerned) it is possible to carry this process to the limit of treating 
each junction as fixed at its most probable position; with such net¬ 
works one can reasonably define distributions in which the position 
of each junction is very accurately specified. In other words, it is 
possible to treat the junctions as fixed in deriving results that depend 
on the statistical behavior of the links as components of the segments, 
but not on the statistical behavior of segments as components of the 
network. One may compare such a treatment to a calculation of the 
pressure of a gas based on the idea that one will find exactly half of 
the molecules in a given half of the volume at any given time. The 
result of the calculation will be correct, though the assumed restric¬ 
tion has no analog in nature, and one is in fact considering only a small 
fraction of the configurations which the system can assume. 

The possibility of treating the network junctions as fixed in 
calculations of this type does not imply that a similar procedure will 
be possible when other properties of the system are to be discussed. 
This assumption should be avoided-as indeed it can be without much 
trouble-in discussing details in the behavior of the network. It would, 
for instance, be quite out of place in a discussion of the change of net¬ 
work structure during cure. 

IV. WALL’S THEORY OF RUBBER 

Wall (12-14) has derived a stress-strain relation for rubber: 

Z = GkT [L^ - l/L^] (54) 

without making use of any definite model of the system. His theory 
is often referred to as a network theory of rubber, and Wall himself 
(13,14) indicatesthat his calculations apply to rubber considered as a 
molecular network. 

Wall’s theory is not a tjrpical application of statistical mech¬ 
anics. In a statistical theory one usually starts from a definite model 
of the physical system, with specified statistical weights, constraints, 
potential fields, and so on. On this basis one then derives distribution 
fimctions which describe the system statistically; from these one can 
finally compute average or observable properties of the system. Wall, 
on the other hand, does not describe his model, and postulates rather 
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than describes his distribution functions. His postulates do not have 
a general validity which would bestow a like general validity on his 
results; Instead, they correspond to a special model of unspecified 
type, the nature of which one can only infer from the character of the 
postulates. We shall now showthat Wall’s mathematical postulates are 
Inconsistent with the network structure of rubber, and that his theory 
can lead to results different from those given by the network theory. 

Wall’s procedure is indicated in most detail in the one-dimen¬ 
sional treatment of his first paper, but even there it is not completely 
e^qplicit. In essence it involves the following steps. The notation is 
that of Wall’s p^er (12). 

(1) It is assumed that the molecules are of uniform length, 
with Gaussian configuration fxmctions. 

(2) It is assumed that when the bulk material is unstretched 
the distribution function for extensions of the chains (displacements 
between the end points) is of the same form as the configuration 
function, but normaiized to 1. In the one-dimensional case the dis¬ 
tribution of extensions x is given by; 

p(x) =-£_ exp {-p'x*} (55) 

TT 1/2 

(3) Itispostulatedthatwhen the material is stretched the dis¬ 
tribution function is modified in aparticular way (13): “Thecomponents 
of the lengths of the individual molecules will change in the same 
ratio as does the corresponding dimension of the piece of rubber.’’ 
In the one dimensional case the distribution function becomes: 

P'(x) ■- —Ijexp (56) 

OJt 

a being the ratio of the extended iength to the unstretched length of the 
material. 

(4) The relative probability of the states described by these 
distribution functions (i.e., the relative number of configurations of 
the system consistent with the specified distributions of chain 
extension) is then computed as follows: The range of values of the 
extensions is divided into small regions, the i^^ of which, about 
x = Xj,is of length A Xj. Then; 

Pi = p(Xi)AXi (57) 

is the relative number of configurations for a chain of extension 

x^ to within A x^. When the material is unstretched, the average 
number of chains out of a total number N, which have extensions 
in the range A X|, is; 

llj = Npi » Np(Xi)AXi (58) 

When the material is stretched, the average number of chains with 
extensions in the range A is; 

Sj = N p’(Xi)AXi (59) 

The relative probability of the distribution (equation 56) for the 
stretched material is then computed as; 


(60) 
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which reduces, as stretch of the material is reduced to zero, to: 

"i 

Po » Nt 0-^ 
i n^J 

(5) The change of entropy of the material on stretching is then taken 

^ S - So = k In (P/Po) (62) 

We have now to examine some of the implications of this for¬ 
malism. 

The distribution functions of Wall’s theory imply that there 
exist certain imspecif ied constraints on the extension of the molecules. 
Since p(x)is of the same form as the configuration function, it would 
describe the distribution of extensions for a system of independent, 
unconstrained molecules; this is not, however, a possible model for 
the system, for in the absence of constraints on or between the mole¬ 
cules the distribution function would be independent of the form of the 
material, andthetheory would predict no restoring forces. The func- 
tionp(x) will also describe a model formed by freezing the ends of the 
molecules into fixed positions, either simultaneously or at random 
times. This same model will also yield Wall’s postulated distribution 
functions for the stretched material Q>'(x) in the one-dimensional case) 
if the fixed positions of the ends of the chains are supposed to change 
according to equation 29. Indeed, the quotation from Wall’s second 
paper (13), asgivenunder (3) above, seemsto indicate that he had such 
a model in mind. 

Wall’s distribution functions would also describe a network 
with fixed jimctions formed by the union of his “molecules” at their 
ends-a model in which each “molecule” becomes a segment of the 
network. Wall’s postulates do not £q)ply to a general model of this 
type, for they establish also the distribution of the fixed fractional 
extensions of the segments, which, in the three-dimensional case, is 
essentially that of equation 36. They thus serve to determine the value 
ofthefactorKinthe stress-strain relation, as discussed in Section n. 

The further development of Wall’s calculation is, however, in¬ 
consistent with any of the models mentioned above. If each molecule 
has a definite extension, changing in a definite way when the material 
is stretched, the relative number of configurations accessible to the 
system is (cf. eq. 27): 

p ' n pji (G3) 

In equation 60 there appears an additional factor (N!/ns|l). This is 
the number of different ways in which the specified s‘et of chain ex¬ 
tensions can be assigned to the molecules, provided that each mole¬ 
cule can take on any extension independently of the extensions of the 
other molecules. The presence of this factor is inconsistent with the 
assumption of fixed extensions ror the segments. It is also inconsist¬ 
ent with the assumption that the molecules are joined together to 
form a network, for their connection into a network would establish 
certain relations between the segment extensions. 

In histhirdpaper (14) Wall has attempted to show that the dis¬ 
tributions of equations 55 and 56 apply to a system of molecules linked 
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to form a network with movable jxmctions. However, his discussion 
and conclusions i^pear to be incorrect. The distribution function for 
the components C > 17 > and ^of the extension of any segment of any Gaus¬ 
sian network is of the form of equation 42. It is a Gaussian distribu¬ 
tion about mean values 7 ^^, and of the components; these mean 
values change as the network is str^ched, but the breadth of the dis¬ 
tribution, determined by 1)^. , does not. Wall’s distribution is of a 
quite different character, being a Gaussian distribution about fixed 
mean values (0 for each component), which changes in breadth when 
the material is stretched. 

TheargumentinWall’sthirdpaper (14) will be indicated brief¬ 
ly. Wall restricts his consideration to the simplest possible network, 
a one-dimensional chain of N molecules with identical Gaussian config¬ 
uration functions, like that of equation 55. The distribution fimction 
for molecular extensions describes the most probable distribution of 
molecular extensions consistent with the fixed total extension of the 
chain, which will here be called L. The relative number of mole¬ 
cular configurations consistent with the assignment of Nq molecules 
to the range AXq of extensions, Nj molecules to the range Axj etc., 
is: 


w 


N'! 


No! NiJ Nj!... 




(64) 


To determine the distribution function N^Cx^) one has to choose the Nj 
so as to maximize this expression, subject to two conditions of con¬ 
straint; the total number of molecules is N, and the total extension 
of the chain is L. In symbols. 


N -- 


f Nl 


and: 


L- 2 NjXj 


(65) 

( 66 ) 


Solution of this problem leads to the correct distribution fimction; 


r (X) 


0 

rrrrexp 


- P^(x - L/N) 


1 


(67) 


Instead, Wall replaces equation 66 , obviously required by his state¬ 
ment of the problem, by a different condition of constraint: 

=■ C 2 NjXj (68) 

and finds the erroneous distribution function: 


(X) 


CN 

_ 2 
2n;L 


( Qi ^ 


(69) 


which has a quite different character. Wall arrives at equation 68 in 
the following way. In a preliminary discussion of the chain of mole¬ 
cules he concludes that; 


<*r>av 


L*'N 


(70) 


where is the mean square extension of any molecule in the 

chain. This he rewrites, with the addition of an arbitrary constant 
factor C,to obtain equation 69. However, in deriving equation 70, he 
neglects terms which are individually small (of the order of L^/N^) 
but so numerous that in the aggregate they far outweigh the terms 
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which he retains. An exact discussion of the problem yields: 


<»;>.. 



(71) 


which differs from equation 70 by a large and variable factor. It will 
be noted that equations 68 and 70 imply that when the chain of mole¬ 
cules has total extension zero every molecule in the chain must have 
total extension zero-an obviously false result. Correspondingly, the 
distributionfunction of equation 60 gives for every molecule ^xi5 av ^ 
whereas the correct value must be L/N; this value is of course given 
by equation 67. 


The additional factor in equation 60, as conqiared to equation 
63, leads to the presence in Wall’s theory of a term in the entropy 
which has no analog in the theory of a Gaussian network. In the one- 
dimensional case the network theory, with Wall’s distribution func¬ 
tions for a system of G molecules, gives: 



whereas Wall’s computation yields: 

G , 

S-So'Glna - a (73) 

2 


Corre^ondingly, the one-dimensional network theory 

leads to the 

stress-strain relation: 


Z = GkTa 

(74) 

but Wall’s conq)utation yields: 


Z * GltT(a - •^) 

(75) 


Wall’s theory thus leads to a non-zero length for the system under 
zero external force. On the other hand, the network theory gives zero 
length for zero external force; with a one-dimensional network, as 
with a single Gaussian chain, it requires a non-zero average force 
to keep the ends of the system at a fixed finite separation, however 
small.* Neither one-dimensional model is suitable for discussion of 
the characteristics of the real three-dimensional networks; when the 
theory is extended to three dimensions it is the network model that cor¬ 
responds more closely to reality. 


*Thus,when equation 63 is used, « = 1 does not represent the case of 
zero external force. Some confusion has arisen in this connection. 
Because a molecule under zero external force has non-zero mean 
square extension, it has been assumed that a calculation of the stress- 
strain relation must yield a non-zero “natural length’’ for the mole¬ 
cule under zero external force. Whether or not this is the case will 
dq>end on how terms are defined. If the stress-strain relation is de¬ 
fined in terms of the rms extension of a system under constant ex- 
temal force one will find a non-zero “length’’ for zero force. H, 
however, onedefinesthestress-strainrelationlnformsofthe average 
force required to maintain a constant extension, then the force^tozero 
only as the length goes to zero. It is the latter point of view that is 
implicit in the calculation d the entropy as a function of the fixed ex¬ 
tension of the molecular chain, and the derivation of the force Z from 
this entropy 
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In three dimensions, Wall’s methodof calculation would again 
yield, in general, an additional term in the entropy: 

As = G In (ct^ayaj) (76) 

where ce„, ce^, a_ are the relative extensions in the x,y,z directions, 
respectively/Thisterm does not appear in Wall’s second paper, being 
suppressed by his immediate assumption that the material is incom¬ 
pressible Oy Thus, Wall’s treatment yields the same result 

as the network theory in this special ease. The difference between 
the theories would become evident if compressibility were taken 
into account, and would be particularly important in a discussion 
of the swelling of rubber. 

It isclearthatWall’sformalismcannotbe interpreted in terms 
of any system consisting of flexible molecular chains alone. We have 
not been able to devise any model to which it can properly be applied. 
We believe, therefore, that Wall’s method of calculation, and particu¬ 
larly the use of equations 60 and 61, should be avoided as lacking physi¬ 
cal significance. 

This criticism sq)plies also to the work of Kuhn and Kuhn (8]^ 
who have pictured rubber as a system of molecular segments with 
movable ends, and have calculated its entropy by a method similar to 
that of Wall. They divide the entropy into two parts, one associated 
with the orientation of the segments, the other with their extensions, 
and calculate these quantities as though each segment could take on 
any given orientation and extension with the same probability as any 
other segment. It should hardly need further emphasis that this is 
not the case if the segments are connected into a network. The cal¬ 
culation of Kuhn and Kuhn, like that of Wall, yields the same result 
as the network theory for the special case of a distortion at constant 
volume. 

We have elsewhere (5) discussed our objections to Wall’s as¬ 
sumed distribution functions (such as that of equation 56) as descrip¬ 
tions of the mean fractional extensions of segments in physically 
occurring networks. 


APPENDIX A 

Justification of Neglect of Steric Hindrances 

In using a Gaussian network as a model for the actual mole¬ 
cular network of rubber, one is not neglecting steric hindrances en¬ 
tirely. The fixed points of the model, representing the points of the 
real network to which external forces are applied, have been con¬ 
strained to lie on the external surfaces of the material-in positions 
which are in fact largely determined by the volume-filling property 
of the molecules through the form of U(V,T). When computing the 
entropy of the system by enumerating configurations of the network, 
one is consequently limited to the counting of network configurations 
which extend through a volume in space determined by the steric hin¬ 
drances. Hence one does not consider, in a way which would make 
senseless the outcome of the calculation, the very numerous configu¬ 
rations of very small volume which might be assumed by an idealized 
network without volume-filling properties and without fixed points. 
In other words, calculation with this model includes enumeration of 
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only those configurations with the correct average density of chain 
elements in space. 

The steric hindrances of real molecular chains do not merely 
exclude configurations of the system in which the average density is 
abnormal; they prevent also the realization of all configurations of the 
system in which any two portions of molecular chain occupy the same 
volume in space. In our treatment of the idealized network the details 
of the configurations are not specified completely enotigh to permit 
exclusion of these configurations, which are consequently included in 
the counting. We have now to indicate the consequences of thus taking 
into account the volume-filling properties of the molectiles on the aver¬ 
age, but not in detail. 

For this discussion we distinguish between transient and per¬ 
manent constraints. By a "transient constraint” we mean one that does 
not permanently exclude any configuration of the system that would 
otherwise be possible, nor give to it a weight different from that of 
any other possible configuration with the same energy. Typical of 
transient constraints are those imposed upon a flexible molecular chain 
immersed in an (idealized) liquid of foreign, or even similar, mole¬ 
cules. The molecules of this liquid subject the given molecule to con¬ 
straints which vary from instant to instant, excluding by their volume¬ 
filling properties now this configuration of the molecule, now that; 
nevertheless, in the course of a sufficiently long period, they would 
permit this given molecule to take on all the configurations which it 
could assume in their absence, and with the same relative probability. 
A ‘ ‘permanent constraint,’ ’ on the other hand, is one which permanently 
changes the relative probability of occurrence of certain configur¬ 
ations or makes them impossible of realization. Union of molecules 
into a coherent network, or the establishment of fixed points of a 
molecular network, are examples of permanent constraints. 

A single flexible molecular chain with ends fixed at separation 
L exerts against these constraints an average force Z given by the 
familiar equation: 

d 

Z =-kT —In c(L) 

(iL 

where c(L) is the number of configurations consistent with the given 
L — or, more generally, the sum of the statistical weights of the pos¬ 
sible configurations. The fixing of L is of course a permanent con¬ 
straint on the chain. If other constraints are present they will modi¬ 
fy c(L) by excluding some configurations from consideration, or chang¬ 
ing their statistical weights. If these constraints have an effect which 
varies in time, c(L), like Z, is to be taken as an average value over a 
long period. 

An important i^ecial class of constraints has the property of 
changingc(L)by aconstantfactor, as by excluding from consideration 
a constant fraction of the configurations that would otherwise be pos¬ 
sible, or by changing their statistical weights by a constant factor; such 
constraints leave <Z^ov completely unchanged. Transient constraints, 
asdefinedabove,areofthistype. Thus,Zwill be the same for a chain 
whether it is in thermal equilibrium with a tenuous gas, or with a sur¬ 
rounding liquid, so long as the period of averaging the force is suf¬ 
ficiently long for the constraints imposed by the liquid to have a tran- 
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sient character. The result is the same when one averages, not over 
a considerable time, but over a large number of similar chains and a 
correspondingly shorter time-as one actually does in observing bulk 
rubber. 

In a liquid of rubber molecules the volume-filling property of 
the molecules causes them to exert constraints on each other, but only 
transient ones. This situation is largely unaltered when the material 
is vulcanized. To the extent to which each chain moves as in a fluid 
composed of the other chains, our treatment is complete: equation 7 
continues to give the relative number of configurations of each seg¬ 
ment as a function of the separation of its ends, and the computation 
proceeds as before. To this approximation the volume-filling prop¬ 
erty of the chains reduces the number of configurations of the net¬ 
work by a factor which is independent of the form of the material; it 
modifies only the value of the constant Kj in equation 15, and not the 
forces exerted by the system. 

A more detailed, and in some respects more satisfying, analy¬ 
sis of the effects of volume-filling can be carried out by the methods 
of the Appendix in a previous paper (1), which fixes attention on the 
forces acting within the network, as well as on those exerted by the 
network against external constraints. It is there shown that: 

(a) The mean position of each junction of a Gaussian network is 
the position at which it would be subject to zero average force (due 
to the chains which enter it) if it were fixed there, and 

(b) The average force which the network exerts on any fixed 
point can be cotiq)uted as the sum of the average forces exerted on 
it by all the segments which enter it,when all junctions of the network 
are treated as fixed at their most probable positions. 

To the approximation in which any segment is subject only to 
transient constraints by the liquidlike mass of other segments in which 
it is embedded, the average force exerted by that segment is unchanged 
by the presence of the other segments. If this assumption is extended 
to all segments, it follows from (a) that the mean positions of the net¬ 
work junctions are unchanged by these transient constraints, and then 
from (b)thatthe average force on each fixed point of the network-and 
hence the net force which we have computed in section I-is unchanged. 

However, not all the constraints arising from steric hindrances 
are of transient character. For Instance, when two molecules are 
linked at ajimctiontherewill arise steric hindrances of the permanent 
type; the effect of these will be, essentially, to reduce the flexibility of 
the molecular segments in the immediate neighborhood of the junction. 
So long as one restricts attention to lightly vulcanized materials, in 
which only a relatively small portion of the total chain length is near 
to any junction, one is justified in neglecting this type of steric hind¬ 
rance. Onthe other hand, it will become an extremely important fac¬ 
tor in the behavior of highly vulcanized hard rubbers. 

A more interesting type of steric hindrance comes into play 
when the network is formed as illustrated in Figure 2. Sketches (a) 
and (b) illustrate possible structures in w^ich chains of the same len^h 
connect similar junctions in essentially different ways. In our dis¬ 
cussion such different structures have received identical treatment, 
even though, considered in detail, the configurations possible for one 
structure are impossible for the other. The effect of neglecting such 
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steric hindranceis will vary markedly with the structxire of the net¬ 
work and its condition of stretch. If the segments are long as com¬ 
pared with the distances between their ends, as illustrated in Figure 
2(c), the constraints exerted by one segment on the other will be al¬ 
most conq>letely of the transient type, causing but little change in the 
forces exerted by the network. This is the situation typical of lightly 
vulcanized materials at small extensions. If one segment is tightly 
drawn over the other, as in Figure 2(d), the effect of the entanglement 
will be almost the same as if the molecules were bonded together in 
the region of their crossing. Such a condition is very unlikely to occur 
in an unstretched material. The relation of the molecules is one of 
very low probability, one unlikely to occur in the material undergoing 
vulcanization and correspondingly unlikely to be built into the network 
as it is formed. On the other hand, a situation of type (c) can be con¬ 
verted into one of type (d) if the material is highly extended. Our neg¬ 
lect of these steric hindrances can thus be justified for lightly vulcan¬ 
ized materials not too highly extended; at high extensions these steric 
hindrances may contribute markedly to the rigidity of the material. 
This is, however, a range in which the configuration functions of the 
segments can no longer be treated as Gaussian, and the theory out¬ 
lined in this paper cannot be epected to apply. 



Fig. 2. Dlagran Illustrating action of steric hindrances. In 
(b),(c),(d), the lower chain is to be understood as passing 
around the upper one. Fixed points (x); Junctions (•). 


APPENDIX B 

Brownian Motion of Intermediate Points of a Chain 

The Brownian motion of the intermediate points of a seg¬ 
ment can be related to the Brownian motion of its ends by an analysis 
of the sort employed earlier (4), and in section m of this paper. A 
more compact proof will be given here. The notation is that of a pre¬ 
vious paper (4). 

We consider a segment with Ni + Nj links. Let the terminal 
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elements i and j of the segment be assigned the highest number, n - 1 
and n, in the numbering of the junctions of the network. Without loss 
of generality it can be assumed that the segment with which we are 
concerned is the only one which passes from i to j without passing 
through some other junction; if any other connections between i and j 
exist, one can pick some element of each segment for treatment as a 
junction, as is eiqplained elsewhere (4). The lower right corner of the 
r determinant then has the following appearance: 


* • 

X 

X 

X 


X 

^ ^ 

1 





)( 

1 

1 



Ni^Nj 



Theterms V(Ni + Nj) in the matrix elements arise from the segment 
connecting elements i and j; the values of ^ and 17 depend on what other 
segments end on elements i and j, respecUvely. 

Now let us treat the intermedi^e element k as a jimction, the 
(n + 1)®^ in the network. When this is done, the determinant F for the 
network will have a different form. We call this new determinant G. 
Its lower right corner has the following appearance: 
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X 
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1 
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X 
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Ni 
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0 

n + — 
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1 
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. 0 

1 • 
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— — + -I ■. . 





Junction n - 1 (element i) is no longer connected directly to junction 
n, but is connected to junction n + 1 by a chain of Nj^ links-hence the 
zero in the next to last column, and the entry -l/Ni in the last col¬ 
umn of row n - 1. Junction n + 1 (element k) is connected only to junc¬ 
tions n - 1 and n; all elements in the last row and column not shown 
above are zero. 

We now wish to compute the value ofijfor element k-tl^ is, 
1} u^jwhenthe jimctions are numbered as above. Denoting by * the 

determinant obtained from G by str^ing out rows l,j,... and columns 
k, 1 , ..., and multiplying by (-l)i+J+^K+l+..., have, by equation 5.4 
of Reference 4, 


By adding Nj/(Ni + Nj) timesthe last column to G to the n - 1®* 
colunm, and Ni/(Ni + Nj) times the last column to the nth column, one 
can reduce to 0 the off-aiagonal elements in the last row. This same 
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manipulation makes G identical with F, except for the presence of the 
last row and column. It follows at once that: 


1 1 
e + -17) r 


(B.4) 


We now write G^^J in a form which emphasizes its relation to 


n+l 


where: 
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Ni+Nj' 

■ Nj+Nj' 
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N,+Nj " 

Ni+Nj 
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(B.5) 




P = 


Nj (Nj + Nj) 
1 


N, * Nj 


(B,6) 


N, 


,n+l 


Nj (Ni * Nj) 

All elements of G“'^J not shown above are identical with the corre¬ 
sponding elements m F. It is evident that G”"!"; depends on ct, /8, jr in the 
following way: 


n+l 


n+l 


Gn+J = K + Aa + By + cay + DP + EP 


(B.7) 


whereK,A,.<. are independent of or, j8,J. Inspection of the determinant 
shows that: 


K = r A = r: 


1 




,1 


n‘J 

^IJ 


D = 2rj E = -r; 


ij 


The terms in <xy andp cancel, and we have: 


n+l „ 

«n+l = r + 




N,r 


2r 


(B.8) 


(B.9) 


Ni(Ni + Nj) Nj(Nj + Nj) Nj + Nj 

Substituting equations B.4 and B.9 into B.3, and, remembering that: 

J} 1 = rj/r (B.io) 

= 2rl/r 

by equations 5.4 and 7.7 of an earlier paper (4), one obtains: 

f, , ^n-l ^Jln J?n.n-1 1 (B.12) 

Ni + Nj y Ni Nj - Ni + Nj j 

This is the same, except for notation, as equation 50. 
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Synopsis 

The approximations implicit in the use of the Gaussian network 
model for soft rubber are discussed. It is shown that the form of the 
stress-strain curve can be derived for this model simply, and with¬ 
out special assumptions about the form or behavior of the network. 
The common assumption that the network junctions are fixed, or can 
be treated as fixed, is discussed. It is shown that this picture of the 
situation is unrealistic: the junctions have a Brownian motion com¬ 
parable to that of any portion of the intervening molecular segments. 
The introduction of this assumption is not generally admissible, but 
it will not affect the outcome of certain types of calculation; in part¬ 
icular, one can foresee that it need not ^fect the calculated form of 
the stress-strain curve. A particularly simple and straightforward 
calculation of the network entropy on this basis is given. Wall’s the¬ 
ory of rubber is analysed. It is shown that Wall’s postulates are not 
consistent with the network structure of rubber, and in general lead 
to different results. 


Resume 

Les approximations, indues dans I’utilisation d’un modele en 
rgseau de Gauss pour le caoutchouc, sont soumises a discussion. L’al- 
lure des courbes tension-d^ormation pent etre derives de ce modele 
simplement, sansprejuger de la forme ou du comportement de ce re- 
seau. Endiscutant la supposition generalementadmise, que les points 
de jonction du reseau sont fixes ou peuvent §tre consideris tels, on 
constate que cette interpr^ation ne corre^ond pas a la r§alite:les 
jonctions possedent un mouvement Brownien comparable a celui de 
chaque partie des segments moleculaires presents. L’introduction 
de cette hypothese n’est pas generalement admissible; certains 
r^sultats de calculs toutefois restent inchanges; en particulier, on 
peut prevoir que la forme calculee de la courbe tension-deformation 
n’en serapas affect6e. Un calcul particulierement simple et nouveau 
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de I'entropiedu reseau dans ces conditions est donne. Latheorie du 
caoutchouc de Wall est analys§e; ses postulate sont incompatibles 
avec la structure en reseau du caoutchouc, et amenent en g§n§ral & 
des resultats diffirents. 


Zusammenfassung 

EswerdendieVernachlassigungen,dieslch fur die Anwendung 
der Gausschen Netzwerktheorie auf Weichgummi ergeben, diskutiert. 
Eswirdgezeigt, dass die Gestalt der Zug-^annungskurve fur dieses 
Modell einfach, und ohne spezielle Voraussetzungen fiir die Form und 
das Verhalten der Netzwerke abgeleitet werden kann. Es wlrd die 
allgemein ubliche Annahme, dass die Knotenpunkte festgelegt sind- 
Oder als festgelegt betrachtet werden kbnnen, diskutiert. Es wird 
gezeigt, dass diese Vorstellung unrealistisch ist. Die Knotenpunkte 
haben eine Brownsche Bewegung, die der jeden Teiles der sie ver- 
bindenden molekularen Segmente vergleichbar ist. Die Einfuhrung 
dieser Annahme ist nicht allgemein zulassig, aber wenn man est tut, 
wird das resultat gewisser Berechnungen nicht beeinflusst werden; 
imbesonderenkann man voraussehen, dass die berechnete Form der 
Zug-I^annungskurveunbeeinflusstbleibt. Auf dieser Grundlage wird 
eine besonders einf ache und elegante Berechnung derNetzwerkentropie 
gegeben. Walls Gummitheorie wird analysiert. Es wird gezeigt, dass 
die Postulate dieser Theorie nicht in Einklang mit der Netzwerkstruk- 
tur von Kautschuk stehen, und im allgemeinen zu verschiedenen Re> 
sultaten fiihren. 
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Ionic Polymerization of Mono-olefinic Hydrocarbons 
at Low Temperatures. 

A Review of Proposed Mechanisms 

RANDALL G. HEILIGMANN, Batelie Memorial Institute, 
Columbus, Ohio 


INTRODUCTION 

Although the marked tendency of unsaturated hydrocarbons to 
polymerize in the presence of Friedel-Crafts type catalysts had been 
recognized (l)longbefore 1930, Otto and co-workers (2) were perhaps 
the first to obtain high polymers in consistent yields from monoolefins 
at low temperatures. On the other hand, Waterman and co-workers 

(3) were among the first to publish extensive data resulting from a 
systematic study of the catalytic action of these electrophilic metal 
halides in initiating polymer growth at temperatures well below 0°C. 
Prior and subsequent to this early work, numerous patents were 
issued claiming semisolid products from branched-chain olefins 
at temperatures below -IQOC. in the presence of aluminium chloride 

(4) . In addition, considerable work has been done in the preparation 
of synthetic lubricating oils from unsaturated hydrocarbons in the 
presence of similar catalysts and at temperatures in the neighborhood 
of QOC. and above (5). While Waterman and his associates (6-8) con¬ 
tinued to publish the results of their systematic investigations through 
1939, the most significant advances in techniques and practices in the 
low-temperature field of polymerization were evidenced in patents 
issuedto Otto andMueller-Cunradi, Howard, Frolich, Zimmer, Carl¬ 
son, and Schneider (9). Subsequently, Thomas, Sparks, and Frolich 
(10-12) publishedthe results of their extensive work on the homopoly¬ 
merization of isobutylene and its copolymerization with butadiene and 
isoprene in the presence of boron trifluoride and similar electrophilic 
catalysts. Since the advent of butyl rubber, numerous patents have 
been issued covering many types of hydrocarbon polymers and copoly¬ 
mers prepared from a variety of olefins, diolefins, their derivatives, 
and combinations of the same. 

More recently, Evans, Polanyi,Plesch, Skinner, Norrish, Hout- 
man. Pepper, and others have published results of numerous fimda- 
mental studies in this field (13-29). 

GENERAL CONCEPTS 

There is general agreement among the various investigators 
that the metal halide-catalyzed polymerization of unsaturated hydro¬ 
carbons at low temperature Involves an ionic mechanism. In add¬ 
ition to the well-known works of Hunter and Yole (30) and Whitemore 
(31)Hulbert, Harman, Tobolsky, and Eyring (32) have discussed, in 
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some detail, the ionic mechanism of polymerization and cite the cri¬ 
teria of an ionic or polar reaction. One of the criteria, acid cataly¬ 
sis, is of immediate interest to the present discussion. Aluminum 
chloride, boron fluoride, and sulfuric acid are classified as catal¬ 
ysts capable of forming a bond with any molecule capable of furnish¬ 
ing a pair of electrons. That is, the ability of metal halide catalysts 
to initiate the polymerization of unsaturated hydrocarbons depends 
upon the bonding effect of the catalyst for the \msaturation or pi elec¬ 
tron pair. Thus, in the presence of the catalyst, polarization of the 
unsaturate takes place with the formation of a dipole and the electron 
pair is stabilized on one carbon atom. With regard to the relative 
catalytic power of some of the common Friedel-Crafts salts, the fol¬ 
lowing sequence has been observed, in order of decreasing activity 
andacid strength: BF 3 , AlBrs, TiCl 4 , TiBr 4 , BCI 3 , BBr 3 , and SnCl 4 
(20). Thus, electrophilic salts such as BF 3 , and AlBr 3 , induce polar¬ 
ization of the tmsaturate more readily than, for instance, SnCl 4 . 

Two other general criteria of an ionic reaction — the change in 
rate upon changing the electronegativity of the substituents, and intra¬ 
molecular rearrangements — are satisfied by observations made in 
the polymerization of unsaturated hydrocarbons in the presence of 
Friedel-Crafts type catalysts. The former is strikingly illustrated 
in comparisons involving the homopolymerizing tendencies of such 
monomers as ethylene, propylene, isobutylene, 1 - and 2 -butene, sty¬ 
rene, and alpha-methylstyrene. Price (33) has suggested that it is 
perhaps significant that those substances most readily polymerized 
possess substituents such as alkyl, aryl, or ether groups, which tend 
to promote the release of electrons. It follows, therefore, that mono¬ 
mers such as the acrylates which possess groups exhibiting marked 
electronegativity do not readily respond to acid catalysis (34). It is 
evident, then, that for a given catalyst, the reactivities of the various 
monomers will depend, primarily, upon the ease of displacement of 
the electron pair—a prerequisite to dipole formation. It has been 
suggested(28)thatthemarkedreactivity of isobutylene is due, at least 
in part, to the fact that the free electron pair is already polarized to 
a certain extent. Thus, the pi electron pair will be more readily fixed 
by the electrophilic salt. On the other hand, the pi electron pair of 
ethylene is evidently much more resistant to polarization, and this is 
attested, at least qualitatively, by the fact that ethylene evidences no 
tendency to polymerize in the presence of metal halide catalysts at 
low temperatures. While isobutylene is quite reactive, its dimer, di¬ 
isobutylene is quite sluggish (10,17,18)which may result, in part, 
from the fact that the pi electron pair is considerably less polarized. 
In addition, it has been indicated (14,28) that extensive growth of the 
latter cannot take place because of sterlc hindrance offered by large 
side groups. 

While intramolecular rearrangements may play aprominent role 
in acid-catalyzed polymerizations at temperatures above O^C. (31), 
little information is available to indicate whether this phenomenon 
functions to any degree in reactions conducted at temperatures well 
below O^C. Waterman (7) has indicated that ring structures are pre¬ 
sent in polymers prepared from isobutylene at - 450 c. However, spec¬ 
troscopic andother^taonpolyisobutylenesprepared at temperatures 
in the neighborhood cd-lOQOC. indicate a striking regularity of struc- 
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ture(10,35, 36). It is possible, theoretically at least, that the termi¬ 
nation step might involve some form of intramolecular rearrangement. 
However, an examination of the mechanisms will indicate that cessation 
of growth and establishment of terminal unsaturation may be accom¬ 
plished by transformations excluding rearrangements of any pro¬ 
nounced magnitude. 

In light of the above, it is reasonable to assume that an ionic 
mechanism functions in the metal halide catalyzed polymerizations 
of unsaturated hydrocarbons at low temperatures and that the re¬ 
action may be initiated, propagated, and terminated by anionic mecha¬ 
nism. It has been suggested (32) that the true configuration of the un¬ 
saturate inthe activated state is in all probability largely polar, though 
not completely ionic, since homopolar states contribute somewhat to 
the resonance structure. 


MECHANISMS 

In the ensuing discussion, the following mechanisms will be pres- 
sented and commented upon. 

(1) Dipolar: (a) direct union of the electrophilic metal halide and 
the unsaturated hydrocarbon to form an organometallic complex inter¬ 
mediate, and (b) thermal activation in the presence of a metal halide 
and a third component enable of reacting with it to produce energy 
(exothermic heat) necessary for internal ionization (dipole formation). 

(2) Carboniumion; (a) addition of hydrogen halide and other acids 
to metal halides and subsequent ionization of the complex to furnish 
protons, a requisite for carbonium ion formation and (b) addition of 
water to metal halide to produce a hydrate acid which, in turn, may 
furnish protons with resultant carbonium ion formation. 

(3) Dehydrohalogenation: catalyzed addition of hydrogen halide 
to the unsaturate in the presence of an electrophilic metal halide, and 
subsequent dehydrohalogenation involving alkyl halide and unsaturate. 

Dipolar Mechanism 


Organometallic Complex 

This mechanism, proposed by Hunter and Yohe (30) and others, 
involves the direct addition of met^ halide to the unsaturated hydro¬ 
carbon — that is, the electron-deficient nature of the electrophilic 
salt and resultant ease of association with a pair of electrons of the 
polarized unsaturate are emphasized. Whitmore (37) has given the 
name “heterocarbonium ion” to this organometallic complex in order 
to distinguish it from the “true” carbonium ion which is formed by 
the union of the unsaturate and a proton. He indicates that the former 
is quite stable and, therefore, considerably less reversible than the 
latter. Some degree of reversibility in the initial association of 
catalyst and monomer is indicated by the work of Williams (38), who 
found that in the polymerization of styrene in carbon tetrachloride 
with stannic chloride the rate was dependent on an order higher than 
third with respect to monomer concentration. 

The equations, which follow, outline the reaction mechanism and 
suggest several possibilities with regard to the termination step. 
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Initiation and Propagation . 
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where MX^ is an electrophilic metal halide (e.g., BF^ or AlCl^). 


Termination. Cessation of growth may occur, perhaps, through 
a reaction characterized by one or more of the following equations. 


(a) The cationic or growing end of the chain may collide with 
the anionic or “metal halide end” of another chain, resulting in the 
establishment of terminal unsaturation in both chains and release of 
a single proton: 
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Bimolecular termination is indicated while the work of Williams (37) 
indicates that the cessation st^ is a unimolecular one. In addition, 
it is questionable whether metal halide may be regenerated in this 
manner in light of the known difficulties of separating residual cat¬ 
alyst from the polymeric product (39). 

(b) Aprotonmay shift from the carbon atom alpha to the “car- 
bonium carbon” to the anionic or “initiation end” of the chain with 
simultaneous elimination of metal halide: 
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Although this mechanism indicates a unimolecular termination, it 
is rather improbable that an intramolecular transformation of this 
magnitude takes place at the reaction conditions employed. 

(c) A proton may be lost from the growing or cationic end of the 
chain. This would result in the formation of terminal unsaturation and 
might be considered a logical inference from Pricers outline (33) of 
the mechanism. Although this might be considered to be a modifica- 
cation of the Whitmore mechanism (31), the simple loss of a proton 
will not produce a neutral, stable compound. 
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(d) Marvel and Hornung (40) have proposed a chain-termination 
step involving the loss of (1) a proton from the cationic or growing end 
of the chain and (2) a chloride ion from the anionic or opposite end: 
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A mechanism involving the elimination of hydrogen halide is open 
to question in light of the known retarding effects of the halide. How¬ 
ever, the possibility of HX elimination in the termination step may, 
perhaps, offer an e]q)lanation of the observed slowing down of the re¬ 
action rate in mixtures which have been extensively treated with ca¬ 
talyst. 

In light of the known enhancing effects of small amounts of water 
and/or hydrogen halide in other Friedel-Crafts catalyzed transfor¬ 
mations such as alkylation and isomerization, it was suggested a num¬ 
ber of years ago (41) that, in all probability, the electrophilic salt, 
per se, is not responsible for the pronounced activation of unsaturated 
hydrocarbons at low temperatures. Hydrogen halide, held to be pre¬ 
sent in Friedel-Crafts catalysts despite rigorous purification, was 
suggested as a so-called third component. The presently discussed 
mechanism, employing the electrophilic salt as the sole activator— 
was further criticized not only on the grounds that it necessitated 
correlating complexformation with activity, but that many of the com¬ 
plexes were found to be too stable to promote reaction. 
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Recent investigations (16,20) have supported, to some degree, 
the aforementionedideathattheelectrophilic salt,per se, is inc^able 
of initiating extensive polymerization at low temperatures. Mecha¬ 
nisms involving acids and water as third components will be discussed 
under "Carbonium Ion Mechanisms,” since their introduction into the 
initiation step necessitates giving consideration to an over-all proton 
concept rather than the “dipolar or heterocarbonium” type. 

While recent investigations tend to stress the necessity of a so- 
called third component and the dominant role of the proton, there are 
several well-established points which give credence to the existence 
of some form of organometallic intermediate: (a) numerous organo- 
metallic complexes resulting from the union of electrophilic metal 
halides and unsaturates are known to exist and some have been iso¬ 
lated as chemical entities; and (b) it has long been known (39) that it 
is practically impossible to separate polymeric material from re¬ 
sidual catalyst without resorting to the use of compounds possessing 
active hydrogen, such as alcohols and ammonia which readily sever 
organometallic bonds. 

Houtman,inarecent article (28), e35)resses the view that high- 
molecular products are obtained when the halide itself takes part in 
reaction, and not the hydrate or acid that may be formed by inclusion 
of the so-called third component. He suggests, furthermore, that in 
certain cases steric hindrance may be present in monomer and/or 
catalyst, and that this factor may play an important role in determi¬ 
ning the reactivity of various monomer-catalyst systems. 

Despite Houtman’s objections, recent work (16,18,20) has in¬ 
dicated that a purely dipolar mechanism involving an organometallic 
intermediate is inadequate and does not e^qplain observed phenomena 
satisfactorily. However, one should not deduce from this that organo¬ 
metallic complex formation cannot take place and that we may ex¬ 
plain all observations satisfactorily in terms of a purely proton-ac¬ 
tivated system. It will suffice to mention at this point that organo¬ 
metallic complex formation may perh^s take place in systems in¬ 
volving a third component, and that such a mechanism would involve 
a negative ion complex rather than a dipolar one. 

Thermal Activation 

A second possibility exists with regard to a purely dipole type 
of mechanism, namely, that of thermal activation. If one concurs with 
the idea that a third component is a necessary prerequisite for initi¬ 
ation, then, theoretically at least, the initiation step may perhaps be 
realized through energy supplied by the reaction of an electrophilic 
salt with an acid or water. A purely thermal mechanism of this type 
hasbeen commented upon by Evans et al. (16) insofar as it would be in 
agreement with observations made regarding the effect of the third 
component. That is, an energy chain mechanism would be in agree¬ 
ment with the idea that once the so-called third component has par¬ 
ticipated it cannot do so a second time. However, it may be added 
that a “carbonium ion mechanism” would also be in agreement with 
this idea. 

In a thermal activation, the energy (exothermic heat) supplied 
by reaction of the metal halide and the third component would polar- 
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In light of known facts regarding metal halide catalyzed poly¬ 
merization of unsaturated hydrocarbons at low temperatures, this 
mechanism is highly improbable and merits no serious consideration. 
Thus, from observations regarding the strong affinity that electro¬ 
philic metal halides have for unsaturates, and the marked difficulty 
of removing catalyst from polymeric products, it is not likely that the 
unsaturate and the catalyst will remain as distinct entities in an inti¬ 
mate mixture. Even if organometallic complex formation were pre¬ 
cluded as a possibility, the proton, presumably generated in a third- 
component system by reaction of metal halide with acid or water, 
wouldbecapable of inducing polarization with resultant carbonium ion 
formation. 


Carbonium Ion Mechanism 

Acid Cocatalyst 

As previously mentioned, exception has been taken to consider¬ 
ing the electrophilic salt, per se, as the activator (41). The extreme 
difficulty and sdleged impossibility of freeing typical Friedel-Crafts 
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catalysts of small amounts of attendant hydrogen halide has led to the 
suggestion that in all probability the hydrogen halide present as a third 
component actively participates in the initiation and that a mechanism 
neglecting the same does not present a true picture of the pertinent 
factors involved. 

Thus, the existence of an addition compound of metal halide and 
hydrogen halide is post\ilated, which may be considered to be a rela¬ 
tively strong acid. This may subsequently ionize to furnish a proton 
that is capable of adding to an unsaturated hydrocarbon to form a car- 
bonium ion. The intermediate would be similar to that postulated by 
Whitmore (31), and may either stabilize itself by the ejection of a pro¬ 
ton and simultaneous regeneration of unsaturation, or m^ react with 
another molecule of unsaturate to form a carbonium ion of higher mo¬ 
lecular weight. The following equations indicate the possible reactions 
involved: 


HX + -► BMX ^ ^ 
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Or, in the general case: 
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Termination . Termination of chain growth may occur through 
the ejection of a proton and the simultaneous establishment of termi¬ 
nal unsaturation: 
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While Waterman (7) has indicated that the addition of gaseous 
hydrogen chloride aided materially in the polymerization of a refracto¬ 
ry monomer such as cyclohexene, other investigators have noted the 
pronounced poisoning effects of hydrogen halides and have classified 
them as active chain breakers (10,38,42). Plesch and co-workers 
(20) in stacking the effect of various cocatalysts have reported that 
added hydrogen chloride does not enhance the polymerization of iso¬ 
butylene in the condensed phase. 

Although the proton, per se, is credited in this mechanism with 
being the active component in the initiation step, it may be pointed 
out that neither hydrogen chloride nor hydrogen fluoride is capable 
of activating normally gaseous olefins at temperatures well below O^^C. 
It has been found that concentrated sulfuric acid induces extensive 
growth of styrene and alpha-methylstyrene at temperatures in the 
neighborhood of -50*^C. but has no effect on monomers such as 
propylene and isobutylene (43). Plesch has indicated in a recent 
article (26) that concentrated stilfuric acid and oleum, in the ab¬ 
sence of metal halide, have no effect on isobutylene at temperatures 
in the range of -80°C. On the other hand, acids such as acetic, tri¬ 
chloroacetic, and sulfuric were foimd under certain conditions to be 
effective cocatalysts for the polymerization of isobutylene (26). The 
choice of acid as cocatalyst appears to be rather critical and no gen¬ 
eralizations are as yet in order. For instance, two acids may pos¬ 
sess similar dissociation constants and yet differ markedly in their 
ability to induce polymerization when employed as a cocatalyst with 
the metal halide. Thus, trichloroacetic andpicric acids possess simi¬ 
lar dissociation constants. However, the former, when added to an 
i-C 4 Hg - TiCl 4 system in hexane, readily Initiated the reaction while 
the latter was found to be inactive (26). 

It would appear that if we give credence to a mechanism involving 
anacidasthe third component (cocatalyst), the critical step would be 
that of the dissociation of the complex to furnish protons in sufficient 
concentration to induce polarization of the unsaturate. Stress should 
be placed on the degree of dissociation of the complex and not of the 
acid,per se. This may, perhaps, explain the ineffectiveness of min¬ 
eral acids in the absence of metal halide, at temperatures well below 
O^C. That is, although appreciable solution may be realized, the req¬ 
uisite proton concentration is not made available, due to limited dis¬ 
sociation. 

The complexity involved in systems employing acid cocatalysts 
is illustrated in a recent report by Plesch (26) which indicated that 
acetic acid, an effective cocatalyst in the boron trifluoride catalyzed, 
room-temperature, gas-phase polymerization of isobutylene, func¬ 
tioned as an inhibitor in a low-temperature, liquid-phase (hexane) 
polymerization of the same monomer employing titanium tetrachlor¬ 
ide. The cocatalyst was appreciably soluble in the diluent. Again, it 
may well be that the complex did not dissociate sufficiently in hexane 
at the temperature employed to yield the requisite concentration of 
of protons for initiation. 

As previously noted, proposals involving an acid cocatalyst have 
suggested a relatively simple proton type of activation with resultant 
carbonium ion formation. However, in light of observations regarding 
the difficulty of removing residual catalyst from polymeric products 
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without resorting to reagents capable of splitting organometallic bonds, 
it appears rather probable that the metallic halide in one form or an¬ 
other Intimately associates with the unsaturate and takes part in the 
initiation step. It is possible, therefore, that a dual initiation mecha¬ 
nism may function, in which both cation and anion may be c{q)able of 
activating growth. Thus: 

MX + HA -► MX„*HA 

n n 
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A bimolecular cessation might occur as a result of collision be¬ 
tween positive and negative chains whose growth was initiated by cation 
and anion, respectively. However, this would be at variance with the 
findings of Williams (38) which indicated a unimolecular termination. 
While terminal unsaturation is not likely to be generated by the cou¬ 
pling of two oppositely charged chains, a bimolecular termination in¬ 
volving proton transfer would confer terminal unsaturation upon the 
chain whose growth was initiated by the proton. A dual mechanism of 
this type has been suggested by Norrish et al. (23) in cases in which 
water constitutes the cocatalyst. Such a proposal has not been sub¬ 
stantiated in any way. However, it does suggest a possible explana¬ 
tion for the catalyst residues invariably associated with polymeric 
products. 

The concept of an acid cocatalyst combining with a metal halide 
to form a complex which subsequently ionizes to furnish the protons 
necessary for activation presents complications which challenge ex¬ 
perimental verification. If we accept the premise that the cocatalyst 
is a prerequisite for activation, it will be necessary to account for 
the apparent variations reported to date (28) and the marked speci- 
ificities exhibited by various combinations of metal halides and co¬ 
catalysts (26). While isobutylene has shown little tendency to poly¬ 
merize in the gaseous phase when catalyzed by boron trifluoride in 
theabsenceof a cocatalyst, no similar lack of reactivity is evidenced 
in the liquid phase, where, despite rigorous purifications, activation 
is readily accomplished. On the other hand, titanium tetrachloride, 
in the absence of a cocatalyst, will not activate the same monomer 
in the liquidphase (16,20). If we confine ourselves to the liquid phase 
and the aforementioned catalysts, the possibility arises that with an 
extremely active metal halide such as boron trifluoride, little coca¬ 
talyst is required. In fact, the amount of cocatalyst generated in situ 
in acondensed system at low temperature, regardless of pretreatment 



MONOOLEFINIC HYDROCARBONS 


193 


of reactants, and although incapable of being accurately determined, 
may be sufficient to give the requisite proton concentration. Since 
boron trifluoride is among the most active of Friedel-Crafts cataly¬ 
sts, itfollowsthatthe amount of cocatalyst required to initiate growth 
through coixq>lexformationwiththis metal halide will be less than that 
required when employing a less reactive member such as titanium tet¬ 
rachloride. In terms of the proton concept, the former will require 
less cocatalyst to give an equivalent proton concentration. 

Little data are available that might permit a comparison of gas- 
and liquid-phase polymerizations. Houtman (28), for instance, has 
claimed that polymer is obtained from isobutylene-boron trifluoride 
in eitherphasede^lte rigorous precautions. He readily admits, how¬ 
ever, that traces of a third component may well have been present. 
The elimination of traces of cocatalyst from condensed systems is 
extremely difficult, if not impossible, and the generation in situ of 
small amoimts of the same is apparently sufficient to activate an ex¬ 
tremely reactive monomer like isobutylene. It has been suggested 
(27) that the gas-phase polymerization involving an acid cocatalyst 
may be a heterogeneous process in which growth is initiated on the 
highly specific surface of the catalyst complex. In addition, Plesch 
(26) has noted that the initiation step in the condensed phase may per¬ 
haps be heterogeneous in the case where water v^or is the cocatalyst 
in the isobutylene - titanium tetrachloride system employing hex¬ 
ane as the diluent. The resulting polymer solution was indicated as 
being milky in appearance. However, in cases in which an acid co¬ 
catalyst had been added, no opalescence was observed (26). While 
insufficient data are available to permit evaluation of the homogeneity 
or heterogeneity of the process in the liquid phase, there is little rea¬ 
son to believe that the two reactions differ essentially in any manner. 
In the former case, the introduction of water may well have enhanced 
the hydrolysis of the catalyst and so reduced its solubility in the hydro¬ 
carbon phase. In the latter case, the particular complex of acid and/or 
metal halide tended to remain in “true’* solution. There are appar¬ 
ently no significant data which indicate a heterogeneous process func¬ 
tioning in the condensed phase. 

Irregularities noted in recent investigations with regard to con¬ 
ditions necessary for activation may be due, at least in part, to failure 
of investigators to standardize purific^ion procedures involving 
monomer, catalyst, and cocatalyst. Since reactive monomers like iso¬ 
butylene are quite sensitive to small amounts of acid, water, alcohol, 
etc., reaction mixtures whose constituents have been purified by vari¬ 
ous methods tend to exhibit widely divergent activity. In a recent 
study, Norrish (23) has noted the marked effect of rigorous purifi¬ 
cation. 

In summary, it may be remarked that in certain rather specific 
cases acid cocat^ysts when used in conjunction with electrophilic 
metal halides, appear to enhance materially the polymerization of a 
reactive, normally gaseous, olefin such as isobutylene. Results ob¬ 
tained in the gaseous phase, at least with isobutylene, are in marked 
contrasttothoseobtainedinthecondensedphase. Little is known with 
regard to the relative strengths of complexes formed between metal 
halide and acid and whether these function in the capacity of furnish¬ 
ing protons. The most rigorous purification techniques practiced to 



194 


RANDALL G. HEILIGMANN 


date have failed to prevent the liquid phase polymerization of isobu¬ 
tylene in the presence of boron trifluoride. 

A mechanism, therefore, involving an acid cocatalyst, while 
remedying somewhatthe shortcomings evidencedby the previous pro¬ 
posal involving direct organometallic complex formation between met¬ 
al halide and unsaturate, still possesses evident weaknesses which 
militate against its acceptance as a satisfactory explanation of the 
general phenomena observed in Friedel-Crafts catalyzed, low-tem¬ 
perature polymerization. 


Water As Cocatalyst 

Recent investigations in the field of metal halide-catalyzed, low- 
temperature polymerization have indicated that water, introduced into 
the reaction mixture in the form of a vapor or in a highly dispersed 
state, is a necessary prerequisite for polymer formation in the fol¬ 
lowing cases: (a) when reacting isobutylene in the gas phase and di¬ 
isobutylene in the liquid phase with boron trifluoride (17,18), (b) when 
reacting isobutylene in the liquid phase with stannic chloride (23) and 
(c) when reacting isobutylene in the liquid phase with titanium tetra¬ 
chloride (16,20). It is postulated that a hydrate is formed by the 
combination of water and the electrophilic metal halide and that the 
acid complex then loses a proton to the unsaturate with resultant 
carbonium ion formation. The following equations indicate the series 
of reactions that may be involved: 

M + H 20 -► M’CHs 

where M = BFg, TiCl^, etc. 
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It has been observed that the stronger the electrophilic metal 
halide, the higher is the molecular weight. Termination (b) would be 
in accord with this since the stroi^er metal halides would give rise 
to stronger addition products of the halides with the cocatalyst and the 
resultant conjugate base would be correspondingly weaker. It fol¬ 
lows, therefore, that the weaker the conjugate base, the less likely 
will be the termination. In addition, recent studies (29) involving the 
use of solvents have indicated that the molecular weight increases 
with increasing dielectric constant of the solvent. Termination (b) 
would be in accord with this observation. 

Recent investigations (44) involving the polymerization of 
isobutylene in ethyl chloride at -90 to-40°C. employing stannic 
chloride and water as cocatalyst have indicated that the growing 
chain (carbonium ion) is terminated by a hydroxyl group that is gener¬ 
ated by collision of the chain with the conjugate base; 

R R 

-: C* + SnCl4-OH' -► -: C : OH + SnCl4 

E R 

Hydroxyl groups were reported as constituting an integral part of the 
chain, thus giving rise to a saturated product. While terminal unsatu¬ 
ration is difficult to determine in products of high molecular weight, 
its presence has readily been shown to exist in polymers prepared in 
the absence of added water and possessing lower degrees of polymeri¬ 
zation (e.g., polypropylene) (43). It is rather inconceivable that in the 
absence of added water there would be sufficient hydroxyl groups to 
effectively terminate the growing chains. It may well be, therefore, 
that increasing amounts of water in the reaction mixtures affect ter¬ 
minations that result in products evidencing increased hydroxyl con¬ 
tent and, thus, increased degrees of saturation. 

As previously indicated, Houtman (28) has taken exception to the 
observations of Evans, Polanyi, and others regarding the necessity of 
water in metal halide catalyzed, low-temperature polymerization of 
unsaturated hydrocarbons. However, Evans and associates, in a pub¬ 
lication subsequent to the comments of Houtman, have shown rather 
conclusively that, at least in the gas phase, the polymerization of iso¬ 
butylene in the presence of boron trifluoride does not take place in 
absence of a cocatalyst (17,18). This, however, has not been found to 
be the case in a liquid-phase reaction involving the same monomer 
and catalyst. 

It has been suggested (2 8) that perhaps two distinct mechanisms 
may function in these low-temperature polymerizations. One type, 
involving an organometallic complex would function in the absence of 
water (dipolar mechanism), and the other, fimctioning in the presence 
of water, would involve a proton type of activation (carbonium ion). 
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It was further remarked that high molecular products would be as> 
sociated with the former and that products of considerably lower mol¬ 
ecular weight would result from the latter. While it is generally rec¬ 
ognized that increasing amounts of water result in corre^ondingly 
lower molecular weights, no investigator has indicated with certalnity 
that a given electrophilic salt is free of moisture and/or hydrogen 
halide. Itisincorrect,therefore,to associate the presence of a third 
component with low-molecular products since a basis for comparison 
is lacking. 

The general discussion presented previously for the acid co¬ 
catalyst may well be adapted to the presently discussed mechanism 
involving water as the third component or cocatalyst. That is, a pro¬ 
ton initiation (carbonium ion) is postulated tq>on addition of either wa¬ 
ter or acid to the metal halide-unsaturate system, and since water is 
Citable of affecting, to a degree, the hydrolysis of the metal halide 
with formation of acid, there should be no essential difference in the 
mechanisms involved in reactions catalyzed by the addition of (a) an 
acid, and (b) water to the system. 

It has been suggested (21) that the enhancing effect that Polanyi 
attributes to hydrate formation in the system, TICI 4 —H 2 O—(i—C 4 Hg), 
may possibly be due to hydrogen chloride generated by hydrolysis of 
titanium tetrachloride in the presence of the water. Hickenbottom 
(14), commentingonthe presence of a third component, r^ersto sim¬ 
ilar observations made by ^atieff and associates (36) in connection 
with olefin reactions such as polymerization and all^Mion. He sug- 
gets that, if hydrogen halide is the cocatalyst, then it is quite pos¬ 
sible that the olefin acts as a proton acceptor and that the function of 
the catalyst is to cause reaction between a charged olefin addendum 
and another monomeric unit. 

On the other hand, Plesch (20) has indicated that anhydrous hy¬ 
drogen chloride evidenced no activating effect when added at low tem¬ 
perature to a condensed system containing isobutylene and a metal 
halide catalyst. However, the effect produced when hydrogen halide 
is added to the metal halide-unsaturate system may perhaps be quite 
different than that obtained when the acid is generated in situ. Alkyl 
halides may be prepared by addition of hydrogen halide to unsaturates 
at low temperature in the presence of metal halides (45). Thus, the 
added hydrogen halide may be taken up immediately by the double bond 
and therefore exhibit no activating effect directed toward polymer 
growth. Or it may be that an active complex cannot stem from an¬ 
hydrous hydrogen halide and a metal salt. 

On the other hand, the small amount of acid generated in situ 
through the action of moisture on the metal halide may immediately 
associate itself with the salt and thus give rise to the active complex 
responsible for initiation: 

+ HO0 -► MX„ , QH'HX 

n n-i 

-■-*- + H'*' 

Those acids found to be active cocatalysts upon addition to the reaction 
mixture would in all probability show little tendency to add to the dou- 
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ble bond under the reaction conditions employed, complex formation 
with the metal halide being preferred. It has been pointed out (26) 
that acids differ markedly in their ability to enter into complex for¬ 
mation with a metal halide. 

It may be remarked, in summary, that the anomalies and vari¬ 
able results that have appeared in reported data may well stem from 
the fact that standards of purity for the reactants, especi all y for the 
catalyst,havebeeninsufficientlydefinedinmanycases, and, frequent¬ 
ly, only in a qualitative manner. Unfortunately, it is extremely diffi¬ 
cult to determine with any degree of accuracy the small amounts of 
moisture and/or hydrogen halide which may be associated with the 
metal halide, de^ite rigorous methods of purification. 

For a 0ven unsaturate and metal halide, there undoubtedly ex¬ 
ists a minimum or threshold amount of cocatalyst necessary to initi¬ 
ate reaction. For a condensed system involving a reactive monomer 
such as isobutylene and a strong metal halide like boron trifluoride, 
reaction invariably occurs, since removal of cocatalyst below the 
minimum amount necessary for activation cannot be accomplished. 
In the gaseous phase, more “completely anhydrous systems" may 
be realized and thus the reactivity of isobutylene has been materially 
arrested in the presence of boron trifluoride and absence of added 
cocatalyst. On the other hand, when employing the same monomer 
in the condensed phase with a less active catalyst such as titanium 
tetrachloride, the amount of attendant moisture or hydrogen halide 
generated in situ is apparently insufficient for activation. Unfortun¬ 
ately, no standards of procedure or purification techniques have been 
extensively and commonly practiced so that both gaseous and con¬ 
densed systems may vary considerably with regard to the amount of 
moisture and/or hydrogen halide that may be present. Nevertheless, 
it is fairly certain that in the presence of a cocatalyst a tricomponent 
system is involved, and that the maximum rate will be a function of 
the concentration of monomer, metal halide, and cocatalyst, and of 
the initial temperature. 

Mechanism of Dehydrohalogenation 

Stanley (46), Nash (47), Ipatieff (48), and Hall (49), have suggested 
that the initiation of polymer growth among unsaturated hydrocarbons 
may proceed through the addition of hydrogen halide, the same being 
catalyzed by electrophilic metal halides. This would be followed by 
reaction of the alkyl halide thus formed with a molecule of unsatu¬ 
rate, and hydrogen halide would be eliminated. The resulting dimer 
wouldfurther react with another molecule of hydrogen halide to pro¬ 
duce a higher alkyl halide. Thus, chain growth would be realized 
through repeated addition of hydrogen halide followed by intermole- 
cular dehydrohalogenation. The termination step would involve, in 
all probability, either an intramolecular dehydrohalogenation or an 
intermolecular dehydrohalogenation similar to one of the alternate 
steps in the propagation. Terminal unsaturation would result in either 
case. The following equations illustrate the proposed mechanisms. 
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Initiation and Propagation , 
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where HX is hydrogen halide and MX^ the electrophilic metal halide. 
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While the addition of hydrogen halide to unsaturates takes place 
at temperatures well below zero degrees in the presence of electro¬ 
philic metal halides (43), it is highly improbable that catalyzed ad¬ 
dition of hydrogen halide followed by intermolecular dehydrohalogen- 
ation would result in the degree of polymer growth realized under the 
reaction conditions employed. In fact, the extremely rapid rate as¬ 
sociated with polymer growth at low temperatures in the presence of 
electrophilic metal halides would militate against accepting a mecha¬ 
nism which involved dehy drohalogenation as one of the principal growth 
steps. 

Higher alkyl halides (i.e., n-butyl chloride), when used as sol¬ 
vents, have been foimd to arrest markedly the activation of a reactive 
monomer like alpha-methylstyrene (50)^. Furthermore, since hydrogen 
halides have been shown to inhibit markedly the degree of growth and 
ultimate yields, it is highly improbable that they would constitute the 
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active factor in the initiation and propagation steps associated with 
the extensive growth realized in low-temperature polymerization. 

SUMMARY 

Observations,bothqualitative and quantitative, on the polymeri¬ 
zation of unsaturated hydrocarbons in the presence of electrophilic 
metal halides indicate a mechanism which involves active participation 
of a cocatalyst in certain specific cases. Both acids and water have 
been found to be active cocatalysts, the possibility existing that the 
latter, in the presence of a metal halide, generates hydrogen halide 
in situ. In cases involving a cocatalyst, complex formation between 
metal halide and cocatalyst is pictured as furnishing the proton neces¬ 
sary for activation. Carbonium ion formation is postulated in the in¬ 
itiation step, although it is possible that a dual mechanism (cationic- 
anionic) may function, the same accounting, perhaps, for the presence 
of catalyst residues invariably associated with the polymeric product. 

In cases in which polymerization is apparently realized in the 
absence of added cocatalyst (e.g., liquid-phase polymerization of iso¬ 
butylene with boron trifluoride), it is rather probable that an extremely 
small amount of water and/or hydrogen halide is present despite rig¬ 
orous purification, this amount being sufficient to initiate growth. It 
has beenproposed, therefore, that for a given monomer—catalyst com¬ 
bination, there exists a minimum or threshold amount of cocatalyst 
necessary to initiate growth, and resultsto date have indicated marked 
differences in activity amongthe various combinations of catalyst and 
cocatalyst examined. The dissociation of the complex to yield the re¬ 
quisite concentration of chain-initiating ions apparently constitutes 
the critical step. 

In the carbonium ion mechanism, the mode of termination for 
growing chains requires clarification. Neither unimolecular cessation 
resulting from the ejection of a proton (terminal unsaturation) nor 
termination by a hydroxyl ion (saturated product) accounts for the ca¬ 
talyst residues invariably associated with polymers prepared in the 
presence of metal halide catalysts. The dual mechanisms (cationic- 
anionic) functioning in the presence of a cocatalyst may account for 
the catalyst residues, since a bimolecular termination involving posi¬ 
tive and negative chains would produce a product containing the con¬ 
jugate base fragment. 

It is evident that some form of standardization with respect to 
methods of purification of reactants appears desirable, since the re¬ 
activity and ultimate physical properties may be markedly affected 
in the presence of water and/or hydrogen halide. 
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Synopsis 

The mechanism presented constitute proposals made in attempts 
to portray the role that electrophilic halides play in catalyzing the 
polymerization of imsaturated i^drocarbons. All of these halides 
require the presence of a Friedel-Crafts catalyst in the reaction mix¬ 
ture and differ primarily in the interpretation of what constitutes the 
active factor in the initiation, propagation, and cessation steps. 
Mechanisms involving a thermal activation and dehydrohalogenation 
are discussed briefly and rejected as rather improbable. On the other 
hand, mechanisms involving a cationoid complex intermediate and a 
carbonium ion are extensively reviewed, especially in light of the 
recent findings of British investigators regarding the function of the 
so-called third component or cocatalyst. Attention is called to the 
rather marked ^ecificity of reactions involving water or other polar 
cocatalysts, and, in addition, it is pointed out that, although cocatalysts 
appear to be necessaiy prerequisities for activation in a number of 
cases, the phenomenon is not a general one, since systems exist in 
whichproton-supplying cocatalysts have not been proved necessary to 
initiate growth. To date, no single mechanism seems to satisfy all of 
the qualitative observations and known data. It is intended that the 
present discussion summarize available facts in terms of possible 
mechanisms, and, in addition, evaluate their plausibility in the light 
of present knowledge. 


Resume 

Les mecanismes presentes essaient d’interpr^er le role, 
qu’exercent les halogenures electrophiles dans la catalyse de la 
polymerisation des hydrocarburesnon-satures. Tous ces halogenures 
necessitent la presence d’uncatalyseurdu type Friedel-Crafts dans le 
melange reactionnel; I’interpretation concernant le facteur actif dans 
les etapes d’initiation, de propagation et de rupture sera done fonda- 
mentalement differente. Des mecanismes, comportant une activation 
thermique et une deshydrogenation, sont brievement discutes, et 
refutes parce que plutot improbables. D’autre part, la formation de 
complexe intermediaire cationoide et la formation d’un ion cs^bonium 
sont toutspecialementenvlsageesalalumleredesrecentes decouver- 
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tes des chercheurs anglais sur le rdle des cocatalyseurs. L’attentlon 
est attiree sur la specificiteplutot marquee des reactions comprenant 
de I'eau ou d’autres cocatalyseurs polaires; en plus, bien que les 
cocatalyseurs semblent etre conditions necessaires a I'activation dans 
beaucoupdecas,cephenomene n’est pas general, puisqu’il existedes 
syst^mes dans lesquels les cocatalyseurs, donneurs de protons, ne 
semblent pas necessaires pour entamer la croissance. Actuellement 
un mecanisme simple ne peut satisfaire toutes les observations 
qualitatives, ni les donnees connues. Get e:q>ose actuel a pour but de 
resumer lesfaits disponibles dans le cadre des mecanismespossibles, 
et, en outre, d’estimer leur plausibilite a la lumiere des connaissances 
actuelles. 


Zusammenfassung 

DervorgeschlageneReaktionsmechanismus versucht, die Rolle 
von elektrophilen Haloiden bei der Katalyse der Polymerisation von 
ungesattigten Kohlenwasserstoffen zu erkl^^en. Alle diese Haloide 
verlangen die Gegenwart von Friedel-Crafts-Katalysatoren in der 
Reaktionsmischung und imterscheiden sich haupts^hlich in der 
Definition des aktiven Faktors fur die Anfangs-, Fortfuhrungs-, und 
Endstufe der Reaktion. Mechanismen, die eine thermische Aktivierung 
und Dehydrohalogenierung erforden, werden kurz eroitert und als 
unwahrscheinlich verworfen. Andrerseits werden Mechanismen, die 
ein kationisches Komplex Zwischenprodulct und ein Carbonium-ion 
benutzen, ausfuhrlichbesprochen, speziell im Lichte von Untersuchun- 
gen von Britischen Forschern, die die Fui^ion von sogenannten 
drittenKomponentenoderCo-Kat^ysatorenerortern. Eswird a\if die 
ziemlich ausgesprochene Spezifitat der Reaktionen, die Wasser Oder 
anderepolare Co-Katalysatoren benutzen, aufmerksam gemacht, und 
es wird ferner bemerkt, dass, obwohl Co-Katalysatoren notwendige- 
voraussetzungen fur die Aktivierung in elner Reihe von Fallen zu sein 
scheinen, diese Beobachtung nicht eine allgemeine ist, da Systeme 
existieren, in denenProtonen-liefernde Co-Katalystoren sich fiir das 
Anlassen von Kettenwachstum als unnotig erwiesen haben. Augen- 
blicklich scheint kein einziger Mechanismus alle qualitativen Be- 
obachtungen und Zahlenwerte zu befriedigen. 
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VI. Polymerization and Dimerization of Isoprene* 
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INTRODUCTION 

The preparation of polyisoprene has been discussed in Parts 
I (1) and III (2), while the mechanical properties of polyisoprene have 
been compared with other polymers in Part IV (3) and those of the 
copolymers with isoprene in Part V (4) of this series. In the present 
paper we shall deal with various theoretical aspects of isoprene chem¬ 
istry. The course of dimerization reactions gives new information on 
the properties of conjugated double bonds (5). It is necessary to in¬ 
hibit polymerization completely before proceeding with a quantitative 
study of dimerization. We have therefore made a survey of a great 
number of compounds, which influence the course of polymerization 
reactions. The results that differ somewhat from those found with 
polyvinyl compounds, will be discussed in the first paragraph. Quite 
incidentally we found that isoprene itself can act as inhibitor in vinyl 
polymerization, as will be shown in paragraph IV. After discussing 
dimerization we shall make some final comments on the properties 
of polyisoprene, comparing our data with the more extensive work of 
American authors. 


EXPERIMENTAL 

Two sources of isoprene were used; (a) a product made from 
natural rubber (6) and purified via the sulfone;b.p. 34.0—34.3°C.; n|P = 
1.4228; and (b) atrade product purified by distillation; b.p. (760 mm.) 
33.8— 34 . 4 OC.; nJP= 1.4217. The reaction of this isoprene with maleic 
anhydride gave a yield of 100 * 2% and the content of active oxygen 
was 4-6 p.p.m. after distillation. Polymerization and dimerization 
were carried out in sealed test tubes with 5-10 g. samples. The a- 
mount of polymer was determined by precipitation in alcohol. The 
dimer wasfinally prepared in 50-100 g. batches, analyzed by fraction¬ 
ation, and identified as the silver nitrate complex and as the hydro¬ 
chloride (see below). 

Dimerization and polymerization rates at high temperatures 
were followed by measuring the contraction in sealed thin tubes of 
20-cm. length. As the viscosity of the dimer is not essentially dif- 
ferentfrom that of the monomer, an increase in relative viscosity in 
these tubes is a relative measure of polymerization. 

^Communication No. 85 from the Rubber Foundation. 
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Properties the polymers were compared as discussed in pre¬ 
vious p^ers. Relative plasticity was measured with the steam plasto- 
meter. Solubility and swelling in chloroform and benzene were used 
as a measure of cross linking, while tackiness of the polymer and 
viscosity of the dilute solution served as a measure of the molecular 
size. Quality was judged on this basis by a relative scale from 0 to 6: 
0 -oily liquid, 1 = viscous plastic, 3 ^ weakly elastic and soluble, 4 = 3 
butpartly insoluble, 6 = insoluble, swollen in chlorofrom and elastic. 

I. iNHrorroRS and initiators 

Our first aim was the evaluation of a strong inhibitor suitable 
for a quantitative study of dimerization. Results are summarized in 
Table I. The formation of a rubber in the blank takes place even in a 
tube filled with purified nitrogen, and is probably due to the presence 
of traces of peroxides. This type of polymerization comes to a stand¬ 
still after 3 days. 1% of picric acid (7) inhibits the reaction completely. 
At higher temperatures, 125O-150OC., picric acid is still very efficient, 
but a certain amount of resinification takes place in secondary reac¬ 
tions. Trinitrobenzene is nearly as effective while other nitro com¬ 
pounds are inefficient. Metal nitrates, on the other hand, have either 
as such, or through the formation of nitrites, a considerable initiator 
activity. 

Hydroquinone andpyrogallol (in group B of Table I) are slightly 
less effective than picric acid. Other quinonesdo not reduce the yield 
in comparison with the blank but lower the quality, a result indicating 
chain transfer activity. This effect is still more pronoimced with io¬ 
dine compounds (groiqi C of Table I), which yield oils rather than rub¬ 
bers. 

Sulfur compounds (group D of Table I), well known as chain 
transfer agents, form the borderline between inhibitors and initia¬ 
tors. Sulfur itself has a distinct accelerating action on isoprene. 

Our earlier e:q)erience (Part I) is confirmed by the results sum¬ 
marized in Table n. Acids as well as a well-known antioxidant (No. 18 ) 
act as weak initiators. Peroxides are moderately effective and yield 
soft and sticky products. Another source of radicals (No. 24 in Table 
n) is also less active with isoprene than with vinyl compounds. 

The azo compounds (group C of Table n) are likewise of little 
value andthe only remaining group is the azoamino compounds, which 
combine the ability to initiate polymerization with the tendency to form 
cross links. Oiazoaminobenzene is more effective than any of the 
others in this group. The formation of phenyl radicals is probably 
an essential step in the initiation. 

The well-known correlation between reaction rate and square 
root of initiator concentration has been found to hold also for pure 
isoprene (see Table HI). The high yield after a relatively short time 
isreachedonly at the e:q>ense of quality, (see Fig. 1). Both results are 
in good agreement with present theories of polymerization. 

We have studied the activity of some of the initiators and inhibi¬ 
tors at 150°C. with the aim of elucidating the simultaneous occurrence 
of dimers and polymers at this temperature. 

The formation of a very soft polymer induced by 0.1% diazo- 
aminobenzene at ISO^^C.is complete after 2-3 hours. Benzoyl per- 
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oxide, on the other hand, Is so ineffective that dimerization becomes 
pr^onderant. In the presence of l%of the iodine compounds Nos. 11, 
12,13, or the sulfur compounds. Nos. 14 and 16 of Table I, only 20% 
polymer is formed; the rest consists of liquid dimers. These rea- 


TABLE I. Inhibitor and initiator activity of nitro compounds, 

phenols, iodine, and sulfur compounds, at 100 ®C., vith 
pure isoprene 


No. 

Compound 


Polymer 
Beaction time 


Type of 



5 days 

11 days 

activity 



Yield 

Quality 

Yield 

Quality 


1 

Blank 

20 

2 

21 

5 

- 



A. 

Nitro Compounds 



2 

Picric acid 

0.0 


0.3 

0 

Strong in¬ 
hibitor 

3 

Trinitrobenzene 

3 

1 

5 

1 

Ti 11 

k 

Nitronitrose- 
benzene 

12 

1 

19 

1 

Chain transfer 

5 

Lithium nitrate 

33 

2 

I 48 

k 

Initiator 

6 

Silver nitrate 

57 

2 

66 

k 

If 

B. Polyphenols 

7 

Hydroquinone 

0.0 

- 

5 

0 

Strong in¬ 
hibitor 

8 

Di-tert-amylhy- 
droqulnone 

11 

1 

15 

1 

Chain transfer 

9 

Pyrogallol 

2 

0 

5 

0 

Strong in¬ 
hibitor 

10 

Chloranil 

17 

1 

25 

1 

Chain transfer 



c. 

Iodine Compounds 



11 

Iodine 

8 

0 

Ik 

0 

Chain transfer 

12 

Iodoform 

17 

0 

16 

0 

11 1! 

13 

lodoacetic acid 



> 16 

0 

1! It 



B. 

Sulfur Compounds 



Ik 

Thioacetic acid 

Ik 

2 

20 

2 

Chain transfer 

15 

Thiourea 

Ik 

5 

26 

3 

Weak initiator 

16 

Thiophenol 

15 

2 

5l^ 

2 

t It 

17 

Sulfur 

29 

2 

47 

2 

It ti 


gents, however, interact with the dimers as can be concluded from 
the presence of sulfur and iodine compounds in the liquid fraction. 
The only useful inhibitors proved to be picric acid and pyrogallol. The 
influence of concentration is very pronounced; 0.1% inhibitor at 150^C. 
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becomes ineffective and can even act as a weak initiator of polymer¬ 
ization. With copper oleate such changes from an effective initiator 
even at a concentrationof l%toa strong inhibitor at 5% concentration 
are similar to the effect of concentration in the “antioxygene” studies 
of Dufraise and his school. 

TABLE II. Weak and Strong Initiators for Isoprene at 100”C. 





Polymer 



No. 

Compound 


Reaction time 


Type of 



3 days 

11 days 

activity 


Yield Quality 

Yield 

Quality 


1 

Blank 

20 

2 

21 

3 

- 



A. 

Acids and Bases 



18 

Phenyl 3-naph- 
thylamine 

11 

2 

50 

2 

Weak initiator 

19 

Acetic acid 

2k. 

3 

49 

4 

Initiator 

20 

Acetoacetic 

ester 

29 

2 

50 

3 

11 


B. 

Peroxides and Related Compounds 

21 

Benzoyl peroxide 

k2 

2 

60 

2 

Initiator 

22 

Ascaridole 

56 

2 

62 

4 


23 

Tetralin peroxide 

49 

2 

75 

2 

Strong in¬ 
itiator 

2h 

Tet raphenylsuc cin- 
Ic acid dinitrile 56 

2 

36 

2 

Weak initiator 



c. 

, Azo Compounds 



25 

Hydr az ob enz ene 

5 

1 

7 

1 

Inhibitor 

26 

Azobenzene 

16 

2 

30 

2 

Weak initiator 

27 

2~Methylbenz- 
imidazole 

11 

1 

20 

1 

Chain transfer 

D. Azoamino Compoimds 

28 

Di az oamlnobenz ene 

69 

4 

75 

6 

Strong in¬ 
itiator 

29 

Na salt of No. 28 

44 

5 

74 

6 

1 ! If 

30 

N-benzyl deriva¬ 
tive of No. 28 

56 

5 

75 

6 

If It 

31 

p-Di az ot oluene - 
aiiiline 

49 

3 

73 

6 

Strong in¬ 
itiator 

32 

p - Di az ot oluene - 
p-toluidine 

46 

3 

69 

6 

It n 

35 

Bis-(benzene 
diaz o)2nethylamine 

61 

3 

68 

5 

It It 
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The difference in the kinetics of high-temperature diene and 
vinyl polymerization should be emphasized. At ISO^^C. isoprene di¬ 
merizes with a half-time of about 4 hours. This reaction is purely 
thermal and not influenced by the presence of an inhibitor. Polymer¬ 
ization can occur only if it is very fast. The molecular size of the 


TABIE III. Correlation between Yield and Initiator Con¬ 
centration for Isoprene at 100°C. Using n Per 
cent Piazoaminobenzene (Half-Time for Polymer¬ 
ization in Hours) 


n, per cent D.A.B. 

0.1 

0.5 

1.0 

2.0 

Hours 


79 . 

99. 

56 . 

Relative rate 

0.51 

0.8 

1.1 

1.6 


0 . 3 :.’ 

0.7 

1.0 

l.h 


polymer will be influenced by the inhibitor properties of the dimer (8). 
The thermal polymerization of styrene, on the other hand, can be de¬ 
layed, for example, by the presence of l%pyrogallolfor about one hour. 
No reaction occurs during this time until the inhibitor has been used. 
However, a mixture of low viscosity, consisting of solid and liquid 



PER CENT YIELD 


Fig. 1 . Influence of initiator concentration 
(nS dlazoamlnobenzene) on relative quality of 
polylsoprene. 

polymers, can be produced from styrene by heating it in the presence 
of 1 g. iodine or iodoform at 200OC. A polymerization-depolymeriza¬ 
tion equilibrium seems to be established under the catalytic influence 
of iodine at 200OC., completely comparable to the action of oxygen at 
lower temperature (9). 
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n. THE DIMERIZATION OF ISOPRENE 

We have tried to separate dimerization and polymerization by 
the action of picric acid, (hi heating Isoprene at ISO^^C., 90 conver¬ 
sion is reached after 160 hours. The polymers can be separated into 
80% dimers and 13% of a rubber (relative quality 3). About 7% higher 
boiling material and benzene-soluble resins are formed in side re¬ 
actions. This result is in good agreement with the eiqperience of pre¬ 
vious authors (10). As eiqpected it is possible to inhibit polymer for¬ 
mation completely by the addition of l%picric acid. Results are sum¬ 
marized in Table IV. No trimers or higher boiling materials are for¬ 
med at the time of 50% dimerization, but resinification sets in on fur¬ 
ther heating between 100 and ISO^C. The data of Table IV suggest a 
reaction higher than second order and a large energy of activation. 

TABLE IV. Dimerization of Isoprene Stabilized with 'i$ Picric Acid 


Temperature, 

Time, hours 

Percent 

dimers 

Percent 

polymers 

100 

2k 

11 

0 


72 

2k 

0 


168 

1^3 

0.2 


408 

70 

17 


1652 

79 

21 

125 

2k 

k2 

0.2 


48 

59 

0.4 


96 

70 

4.4 


160 

84 

6 

150 

0.54 

49 

0.2 


24 

70 

5 


48 

74 

11 

200 

24 

60 

32 


It has been known for a considerable time that the 4 possible 
carbon skeletons of the dimer are formed in different yields. The 
position of the double bonds in the 4 isomers is \mcertain, due to a 
possible allylic rearrangement. Lebedew (10a) separated the higher 



(I) (II) (III) (IV) 


Dlprene Dlpentene Lebedew 

boiling mixture, (I) t (II), from a lower boiling compound to which he as¬ 
signed structure (m), but which could also be a mixture of (m) and (IV)i 
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Wagner-Jauregg (10b) proved the pr^onderance of the diprene (I) in 
the higher boiling fractions. We can confirm these results and add 
the following methods for a quantitative separation. 

a. (I) can be separated from (n)by the action of aqueous silver 
nitrate. (I) dissolves in this reagent and forms a high-melt¬ 
ing complex compound, while (n) neither dissolves nor crys¬ 
tallizes with silver nitrate. 

b. The solid (trans ) dihydrochloride from (H) has a similar 
melting point to that of the solid dihydrochloride from (I), 
but on mixing the hydrochlorides a considerable depression 
is observed. In addition to the solid, an isomeric liquid di- 
hydrochloride from (I) (probably the c^ isomer) is formed. 

c. (ffl) and (or ?) (IV) are soluble in aqueous silver nitrate but do 
not crystallize. The reaction with hydrochloric acid yields 
only a monochloride. The double bond in this monochloride 
does not add on HCl even atlOO^C. under pressure; this re¬ 
sult is in good agreement with structures (m) and (IV). 

A detailed discussion of these results will be given elsewhere 
but the followingpreliminary estimate of yields already permits some 
new conclusions. Yields: (I) = 80%; (H) = 5%; (m) and (or) (IV) 5 10%. 

The electronic formulation of isoprene (11) allows for the ex- 



planationof thedonorpropertiesofthe 1-carbonatom and the acceptor 
properties of the 3,4 double bond (12). As has already been discussed 
in another paper (13) the reactivity of the 3,4 double bond at ISO^C. 
corresponds to that of the double bond in maleic anhydride at 20^0. 
The difference in yields indicates that the 3,4 double bond is about 
10 times more reactive as an acceptor than the 1,2 double bond. While 
this result is in good agreement with the electronic concept, we find 
a rather suiprislngly large difference in the yields for (I) and (H). 
The formation of dlpentene occurs less readily than the formation of 
Lebedew’s hydrocarbon. In other words the pair of electrons from 
C-1 add on almost exclusively to C-3 and only very rarely to C-4, thus 
leadingto diprene as the main reaction product. Comparing the struc¬ 
tures ^) and (VI): 

^®3 H H ?®3H H ^®3H H 

HC—C—CH and C—C—CH, C—C—CH 

cJka ^ •• dHg - 

V VI vn 

we can draw the following conclusions. 

1. The overall availability of v-electrons in (VI) is much 
smaller than in (V), this effect being due to resonance. 

2. Thedistributionofcharge, making the C-3 atom positive, is 
the same in both olefins. The direction of addition to the 
3,4 - double bond in isoprene corresponds, therefore, mainly 
to the addition rules for polar reactions, involving mono¬ 
olefins. The reverse structure (VH) reacts only to a very 
small but measurable extent isoprene addition and, as far 
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as we know, not at all In other polar reactions such as HCl 
addition. 


in. POLYISOPRENE 

Wehaveshownin PartsIVandV of this series that a close cor¬ 
relation exists between brittle point, elastic recovery, and rebound 
elasticity of polydienes and their copolymers. Two structural factors 
are of significant influence: (a) methyl groups in the diene, and (b) 1,2 
addition or vinyl copolymerization leads to a decrease of molecular 
flexibility and therefore to an increase in brittleness. The import¬ 
ance of the influence of other structural factors on mechanical prop- 
ties can be deduced from a study of tensile strength. This becomes 
evident from a recent survey by d'lanni (14). Isoprene, polymerized 
with a special metal catalyst, has a similar content of vinyl side 
groups (form 1,2 addition) to that of emulsion polyisoprene and a simi¬ 
lar brittle point, but a much higher tensile strength. We can confirm 
these results as far as the properties of emulsion polymers are con¬ 
cerned and can add that the properties of bulk polymers are quite 
similar. Polyisoprene made with 0.1-0.5% diazoaminobenzene had 
promising mechanical properties as a raw rubber (see Fig. 1), but the 
average tensile strength of a carbon black mixture did not exceed 
75 kg./cm.2 at 450% elongation at break. In fact we were unable to 
produce a fair rubber from polyisoprene. This confirms the opinion 
(14) that poly molecularity as well as unknown details of the chain struc¬ 
ture in polyisoprene is essential for a high tensile value. 

The addition of hydrochloric acid to the polymer has been used 
(14) as a measure of the total 1,4 and 3,4 polymerization. We can con¬ 
firm the usefulness of this method and also that the number of 1,4 +3,4 
polymer units was found to be independent of e:q>erimental conditions 
in bulk and emulsion polymerization. 

IV. THE INHIBITOR ACTION OF ISOPRENE 

It is a well-known phenomenon that a vinyl compound acts as a 
retarder in the polymerization of a second vinyl compound. This ef¬ 
fect is probably due to the intermediate formation of a resonance- 
stabilized radical, and cannot therefore be explained in general terms. 
The copolymerization of 1,1-dichloroethylene with dienes and other 
vinyl compounds has been frequently studied in the course of applied 
as well as fundamental research. From the available data the im¬ 
pression is gained that this process does not differ essentially from 
other diene-vinyl-copolymer systems. This probably true for the 
propagation step in systems with the diene as the main phase. We have 
found quite incidentally that the situation changes abruptly when a 
small quantity of isoprene is added to dichloroethylene. Figure 2 
gives a survey of yields at constant reaction time, and Figure 3 il¬ 
lustrates the inhibitor activity of isoprene during very long reaction 
times. Even at high isoprene concentrations the propagation chain is 
essentially carriedby the added isoprene. This follows from the com¬ 
position of the polymers. They show a large deficiency of dichloro¬ 
ethylene units (see Fig. 4). 
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Fig. 2 . Inhibitor action of isoprene on 
polymerization of pure 1 ,i-(lichloroethyl- 
ene. l% with fixanol as emulsifier. 

Kinetic analysis (unpublished results, see 15) of the products, 
makes it probable that units of the type: 

Cl Cl 

I I 

-CHj—C-C-CHj — 

I I 

Cl Cl 

are inserted between the isoprene chains and not only the head-tail 
structures present in vinylidene chloride polymers. Analogous ex- 
perments in bulk polymerization lead to identical conclusions. 

Using 1% diazoaminobenzene or 1% benzoyl peroxide it is pos¬ 
sible to polymerize dichloroethylene at lOOOC. in a few hours. Ad¬ 
dition of 0.5 mole per cent isoprene is sufficient to inhibit polymer- 



Fig. 3 . Influence of isoprene concentration on 
inhibitor action in the polymerization of pure 
1,1-dlchloroethylene (left-hand curve). Emul¬ 
sion as in Figure 2 . Time variable. 
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ization. A few per cent of polymers are formed in the beginning, but 
the reaction thereafter comes to a complete standstill. One can fol¬ 
low this phenomenon conveniently by measuring the contraction and 
viscosity of the liquid - monomer mixtures. 



Fig. 4. Chlorine deficiency in copolymers from Iso- 
prene and l.l-dlchloroethylene. Emulsion as In Fig¬ 
ure 2. 24 hours at 50°c. 

The present knowledge of radical reactivity is, in our view,not 
sufficiently developed to predict these curious results. A tentative 
explanation ad hoc is the following. The radicals (Vin and (IX): 

9^3 

(vra) R—CHg-C^-CH—CHj-CHj-CClg* and 

s 

(IX) R—CHj~C»=CH—CHj-CHj-CClj-CClj-CHg* 

are so much stabilized that chain termination supercedes prop- 

pagation. Taking the selective action of -CCI 3 and similar radicals 
into account, this explanation seems also feasible in terms of electron¬ 
ic structure. 

Another cause of inhibition will be an occasional transfer of a 
hydrogen atom from isoprene to the growing radical chain. The re¬ 
sulting new allyl-type radical from isqprene is too stable (16) to carry 
on the reaction chain. 
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Synopsis 

The inhibitor and initiator action of 33 compounds on the bulk 
polymerization of pure isoprene has been studied. Picric acid was 
found to be the most powerful inhibitor at lOO^C. The conclusion 
reached in Part I, that the initiator activity of diazoaminobenzene is 
superior to all other compounds has been found to be valid also be¬ 
tween 100-150°C. The heat polymerization of isoprene between 100- 
150OC. in the presence of picric acid leads only to the formation of 
dimers. Three of the four possible isomers have been separated. 
The solid complex compound of diprene (I) with silver nitrate has 
been used to separate it from dipentene (H) and the hydrocarbon of 
Lebedew (HI, IV) has been identified as a monochloride. The relative 
yields (I):(n):(ra+IV) = 16:1:2 are in agreement with the relative 
availability and localization of -rr-electrons in isoprene. Observations 
on the properties of polyisoprene are in agreement with the more 
extensive work by d'laimi. Some remarks on polymers from bulk 
polymerization are added. Isoprene acts as a powerful inhibitor on 
the polymerization of vinylidene chloride. This effect is independent 
of the method of polymerization. 
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Resume 

L’effet inhibiteur et Intlateur de 33 cosmoses sur la poly¬ 
merisation en bloc de I’isoprene a ete ^udi6. L’acide picrique est 
I'inhibiteur le plus energique a 100*^C. La conclusion, obtenue dans 
le travail precedent, qui svqpposait I’activite initiatrice du diazo- 
aminobenzbne comme la plus elev6e, est egalement valide id entre 
les temperatures de 100-150°. La polymerisation thermique de 
I’isoprene entre 1000-150° en presence d’acide picrique comme 
inhibiteur fournit seulement des dimeres. Trois des quatre isomeres 
possibles ont isoles. Le complexe solide du diprene (I) avec le 
nitrate d’argent a ete utilise comme moyen de s^aration du dipentene 
(n); I’hydrocarbure de Lebedew (m et IV) a ete identifie sous forme 
de monochlorure. Les rendementsrelatifsde (I):(II):(in+rV) = 16:1:2 
sont en accord avec la disponibilite et la localisation des electrons-v 
dans I’isoprene. Lesproprietesdupolyisoprene sont en accord avec 
les observations plus dendues d’lanni. Certaines remarques con- 
cernant les polymeres, provenant de polymerisations en bloc, sont 
ajoutees. L’isoprene agit comme inhibiteur energique sur la poly¬ 
merisation du chlorure de vinylidene. Cet effet est independant de 
la methode de polymerisation. 


Zusammenfassung 

Die Wirkung von 33 Verbindungen als Inhibitor Oder Beschleun- 
iger auf die Blockpolymerisation von reinem Isopren wurde unter sucht. 
Pikrinsaure envies sich alsderkraftigste Inhibitorbei 100°C. Diazo- 
aminobenzol ist zwischen 100-150°C. der kraftigate Inhibitor (siehe 
auch Teil I). Die Warmepolymerisation des Isoprens zwischen 100- 
150°C. in Gegenwart von Pikrinsaure fuhrt ausschliesslich zur Bildung 
der Dimeren. 3 von den 4 mdglichen Isomeren wurden getrennt. Die 
feste Komplexverbindung von Dipren (I) mit Silbernitrat wurde zur 
Abtrennung von Dipenten (H) benutzt. Der Kohlenwasserstoff von 
Lebedew (m, IV) wurde als Monochlorid identifiziert. Die relativen 
Ausbeuten I:II:(III+rV) = 16:1:2 sind in Ubereinstimmung mit der re¬ 
lativen Zuganglichkeit und Lokalisierungder tt-E lektroneninisopren. 
Beobachtungen uber die Eigenschaften von Polyisopren stim m en 
iiberein mit den ausfuhrlichen Untersuchungen von d’lanni. Einige 
Bemerkungen iiber Block-polymere werden zugefiigt. Isopren wirkt 
als ein kraftiger Inhibitor auf die Polymerisation des Vinyliden 
chlorids. Dieser Effekt ist unabhangig von der gew^lten Polymer- 
isationsmethode. 
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COPOLYMERIZATION OF SOME FURTHER MONOMER PAIRS 

Continuing the studies of copolymerization previously reported 
(1-5), we have investigated the copolymerization behavior of the 
following monomer pairs: (a) styrene/vinyl carbazole, (b) methyl 
methacrylate/vinyl carbazole, (c) styrene/1,2-dichloro-2-propene, 
(d) methyl methacrylate/1,2—dichloro—2—propene. The reactivity 
ratios obtained for these systems are reported in Table I. 

TABLE I. Reactivity Ratic.:;* 


Syctom No. 

Ml Mp 

I'l 

1*2 

I 

St,v reu( ^ V in.v 1 c urn 'tz ol ^ 

r c 

0.012 

T1 

Me thyl Ihac ryl n te V i ri,, 1 • ‘j. rbazc i c 

2,0 

O.PO 

ITT 

Styrene l^r'-Biehlore '< -propene 


O.Oh 

IV 

Mot.hyl no t-hac r;/! ^.c 1»2-Dichloro-2-prejleue 




’^stinatod ])rol)able error;; in ri and r^. values: of’ rei'orted 

valuer. 


Eiqierimental 

Styrene was purified by several washings with dilute sodium 
hydroxide, foliowed by several washings with distilled water. It was 
later dried over calcium chloride and distilled under vacuum. Methyl 
methacrylate and l,2-dichloro-2-propene (suppliedby Halogen Chem¬ 
icals) were purified by simple vacuum distillation. Vinyl carbazole 
was purified by crystallization from petroleum ether. 

Pairs of monomer mixtures were prepared over the entire range 
of composition, sealed in glass tubes and placed in a constant-temper¬ 
ature water bath maintained at 70OC. All mixtures contained 0.1% 
by weight of benzoyl peroxide as the catalyst. Polymerization was 
allowed to proceed until a conversion of about 5% had taken place. 

The copolymers were purified by precipitating in methanol 
and redissolving in methyl ethyl ketone, and reprecipitating several 
times, followedby “benzene freezing” (6) and vacuum drying at 45oC. 
The copolymers containing l,2-dichloro-2-propene were analyzed for 
chlorine whereas those containing vinyl carbazole were analyzed for 
nitrogen by the micro-Dumas method. 

The following tables. Systems I through IV, indicate the compo¬ 
sition of the initial monomer mixture, the chlorine or nitrogen analysis 
and the molar composition of the copolymer. 
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System I. Styrene (Mi) - Vinyl Carbazcle (Jfe) 



Per cent 


H2* 

nitrogen 
in polymer 

nte** 

o.oWt5 

0.16 

O.OIS 

0.1160 

0.28 

0.021 

0,3226 

0.87 

0.068 

0.8256 

2.70 

0.242 

0.9280 

It.20 

0.426 

1.0000 

7.15 

0.975 


System II* Methyl Methacrylate (Mi) 

- Vinyl Carhazole (Mg) 


Per cent 


Hb* 

nitrogen 
in polymer 


0.1150 

0.94 

0.072 

0.3230 

2.40 

0.204 

0.5056 

2.98 

0.266 

0.8950 

5.63 

0.643 

0.9210 

6.00 

0.713 


System III. Styrene (Mi) - l,2-dichloro-2-propene (M2) 


Ife* 

Per cent 
chlorine 
in polymer 

ni2** 

0.0752 

1.47 

0.022 

0.1940 

3.34 

0.049 

0.5850 

16.17 

0.241 

0.7961 

25.20 

0.379 

0.9131 

35.00 

0.532 

0.9350 

37.60 

0.573 


System IV. Methyl Methacrylate (Mi) - l,2-Dichloro-2~propene (^fe) 


Per cent 

chlorine mg*^ 

in polymer 


0.0730 

0.99 

0.014 

0.1841 

2.39 

0.034 

0.3740 

6.81 

0.097 

0.7821 

27.28 

0.402 

0.9140 

41.40 

0.624 


*Mole fraction (^) in monomer mixture. 
^•Mole fraction (nfe) in copolymer. 
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Fig. 1. Copolymer composition 
curve for the system styrene 
(Mi)-vlnyl carbazole (M 2 ). 


Fig. 2. Copolymer composition 
curve for the system methyl 
methacrylate (Mi)-vinyl car¬ 
bazole (M 2 )- 



Fig. 3. Copolymer composition 
curve for the system styrene 
(Mi)-l,2-dichloro-2-propene 
(M 2 ). 


Fig. 4. Copolymer composition 
curve for the system methyl 
methacrylate (Mi)-l ,2-dichloro 
2'propene (Ms). 


The ejqperimental results of the above four systems are in 
Figures 1-4, respectively. From these studies we can make the 
following observations. 

(a) Styrene monomer adds both to its own radical and to a vinyl 
carbazole radical (or l,2-dichloro-2-propene radical) at a consider¬ 
ably faster rate than does vinyl carbazole monomer (or 1,2-dichloro- 
2-propene monomer). Vinyl carbazole and l,2-dichloro-2-propene 
monomers have approximately equal tendencies to add to a styrene 
radical. 
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(b) Methyl methacrylate, in its copolymerization with vinyl 
carbazole or l,2-dichloro-2-propene, follows the general pattern 
of styrene. However, vinyl carbazole monomer adds to a methyl 
methacrylate radical nearly two and a half times as fast as does 
a l,2“dichloro-2-propene monomer. 
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KINETICS OF CONDENSATION POLYMEIUZATION 


Attention is called to three theoretical relations that appear 
to be in convenient form for the characterization of bimolecular 
condensation polymerizations by purely physical methods that do not 
require isolation of the polymer. Generalizations of this kind were 
recently suggested by Oster (1). 

The theory of both statistics and kinetics of the condensation 
of functional groups on similar molecules has been derived by 
Stockmayer (2) for the simplest case, that in which (a) the activity of 
the functional group is not affected by the size of the molecule to which 
it is attached, (b) functional groups on the same molecule do not react 
with each other, and (c) the weight loss in condensation is negligible. 
The statistics yield a relation between extent of condensation and 
the distribution of molecular sizes of the resultant polymer, while 
the kinetics yield a relation between the extent of condensation and 
time elapsed. Combination of the two results gives the following 
equations (3). 


and: 


r. _ » r 1 2fC„Kt 

“ [I + (2f - r®)CoKt 


2 + 2fCnKt 


' “o 1 2 + (2f - f'‘)C(,Kt 


( 1 ) 

( 2 ) 


in which Cq is the initial concentration of monomer of molecular 
weight Mq with f functional_groups condensing bimolecularly with 
rate constant K, and and M,j are the weight-average and number- 
average molecular weights at time t. Equations 1 and 2 are, due to 
restrictions on their precursors, valid only up to gelation, which occurs 
only when f >2, Since at gelation time (tgei)» =oo, the denomi¬ 
nator of equation 1 must then be equal to zero, whence: 


t a _ _ :- 

Eel CgK (2f - f*) 

A plot of equation 1, with f as parameter and with constant 
values of Mg, K, ai^ Cg, shows the expected relationships between 
and^; whenf = 1, becomes asymptotic to 2Mg as t —► “ ; when 
f = 2, vs. t is a st^ght line so that M^—►<» as t —*-00 ; and for 
f = 3, 4, etc.,curves of vs. t of successively increasing slope are 
obtained. Gelation occurs at finite values of time, which decrease 
with increasing values of f. Similarly shaped curves are obtained for 
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Mq from jquatlon 2, but only when f = 2. Decreasing finite 

values of at gelation are obtained as the values of the parameter f 
increase from >2. 

tt appears from these equations that, with a knowledge of the 
initial concentration of monomer and the relation of elapsed time to 
(from light—scattering methods) or litu (from vapor pressure 
methods), the values of K and f could be determined uniquely. One 
procedure for this would involve calculation of a curve to fit a plot 
of the e3q)erimental data, or M„ vs. t. Inspection of the shape 
of the experimental curve would show whether f is 1, 2 or >2. In 
the latter case, a guess for the value ot f would be made, and a value 
of K satisfying a point on the high molecular weight end of the curve 
would be calculated. From this pair of values for f and K, an or 
Mji would be calculated for a t near the mi(4)oint. If this calculated 
orMnWas low or high, appropriate re-estimates of K and 
f could be made and tried until the calculated curve fitted the ejqper- 
imental one. 

If nonintegral values of f should provide the best fit, it is 
probable that either imequal functional group activity or cyclization 
or both are present. This point could be checked e:q>erimentally 
(whenf >2) without knowledge of K or f by a plot of tg^j vs. I/Cq ior 
a series of increasing values of Cq. A straight line would indicate 
absence of these factors. In any event the nonintegral value of f and its 
corresponding Kwouldserve as useful characteristics of the reaction 
in question. 

The assistance of Professor W. H. Stockmayer in clarifying 
certain points discussed in this letter is gratefully acknowledged. 
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HEAT OF COPOLYMERIZATION 

The heat evolved by a polymerization reaction may be regarded 
essentially as (- AH) of the propagation step. In the case of a copoly¬ 
merization involving monomers Mx and M 2 there are four distinct 
propagation steps, each exhibiting its own characteristic heat of 
reaction. 


(a) 

— 

4- 

—► — Ml 

- M*i 

Ah = ahii 

(b) 

— mJ 

+ 

M2 —- —Ml 

- M2 

AHi2 

(c) 

—“2 

+ 

«l-^-«2 

- mJ 

AH21 

(rt) 

—M2 

•f 

M2 -- -M2 

- Mj 

AH22 


AH,, and AH,, are the molar heats of polymerization of mono- 
mersMi M 2 respectively, and can be measured calorimetrically. 
The quantities AHj, and AH21 cannot be independently determined 
from the heat evolvedin a copolymerization. It is clear that reactions 
2 and 3 occur with equal frequency during the reaction, and hence only 
the sum (AH 12 + ^** 21 ) is a calorimetrically measurable quantity. 

The enthalpy change in the formation of a sequence ofn monomer 
units of type M, is; 

AH21 + (n - 1 ) AHji 

At low conversion the number of such sequences is given by:t 

X P^2 Itotal Mj] 

where the bracketed quantity refers to the total number of moles of 
Mj in the copolymer. The total heat effect associated with all the 
polymerized M^ molecules is therefore; 

^=1 1^21 +(»-!) f*"*^*^ “1^ 

fP,, is the probability that, during the copolymerization process, a 
gro^ngfreeradicalchalnofthe type -Mf willreact wltha monomer 
molecule of type M,, and similarly for the other P terms. A complete 
discussion of these propagation probabilities may be found in T. Alf rey, 
Trans. N. Y. Acad. Sci., 10,298-303 (1948). An earlier paper discusses 
the same subject but employs a different type of symbolism (T. Alf rey 
and G. Goldfinger, J. Chem. Phys., 12 , 322 (1944)). 


221 



222 


LETTER TO THE EDITOR 


Similarly for the M 2 molecules: 

^=1 [^^12 + (n ' l)'^22l (^§2^ “2^ 

Performing the indicated summations, adding, and dividing 
by the total number of monomer groups in the copolymer, we get an 
expression for the molar heat of copolymerization: 

AHj = [Pi 2^21 ^ + ”’2 f*’21^'l2 + ^22^22^ <1> 

where m^ and m 2 are the mole fractions of the two monomers in the 
copolymer. Since miPi 2 is equaltom 2 P 2 i, equation ^ can be written: 

AHc = iii2P2i(AH2i + " Mjj - AHja) + + "12^22 <2) 

Forthesakeofillustration,letusconsiderthecaseAH,| =AH . 

Let: ° 


AH 2 , t AH ,2 
2AH. 


be represented by R, so that (2) takes the form: 


c - 


ah„ 


= 2iii2P2i(« - 1) + 1 


The quantity of m 2 P 2 i can be shown to be of the form: 


"2i’21 


^ 1 - [1 - 4ni2(l - ”' 2 ) <i " 


1 / 1 


(3) 


SO that we have finally: 

1 / 2 

AHc _ 1 - [1 - 4 ii\ 2(1 - ng) (1 - r^r2)] 

“ 1 - rir2 


(R - 1) 


+ 1 


(4) 


There are several interesting consequences of equation 4, 
First, AH(./ AHq is a function only of (r^rg) rather than of the 
individual values of r^ and r 2 . This is a reasonable result, since 
(rj^rg) has been shown to be an index of the alternation tendency in 
copolymerization. Second, we find by differentiation that when 
A He/ AHq is plotted against copolymer composition for a given R 
and for various values of (riVg) all the curves in the family have the 
same initial slope, viz. 2 (R - 1). Finally, since m 2 and (1 - mo) 
may be interchanged without changing the value of AH(./AHq the 
curves must all be symmetrical about the central ordinate m 2 = 0.5. 

The curves in Figure 1 illustrate the various points mentioned 
above. In all copolymer pairs studied (r^rn) <1. In principle R could 
be either greater or less than unity, riowever, there is reason to 
expect R values greater than unity to be the more likely if any 
appreciable variation from unity occurs. 

This analysis applies only for low conversion copolymerization, 
before appreciable drift in monomer ratio has occurred. Alternately, 
it gives the instantaneous differential heat of copolymerization at any 
stage of reaction. The total heat of reaction iqp to a final conversion 
could be obtained by an integration procedure. 
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Fig. 1. Heat of copolymerization as a function of composition. 
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POLYMER NEWS 


A colloquium on macromolecules will be held at Amsterdam 
on September 2 , 3, and 5, 1949. The colloquium will precede the 
September 6-20 Conference de I’Union Internationale de Chimie and 
will be under the auspices of the Section Macromolecules of the Union. 

A limited number of papers will be read by invited speakers. 
The main topic is Polymerization Kinetics. The subject of Macro¬ 
molecules in Solution will also be discussed. Preprints of the lectures 
will be distributed in advance. 

The colloquium was initiated at the suggestion of Professor 
H. Mark, Brooklyn, New York. The members of the organizing 
committee are: Prof. Or. H. R. Kruyt, President; Prof. Or. J. J. 
Hermans;Or.R. Houwink; Or. C.Koningsberger, Treasurer; Or. L. J. 
Oosterhoff; Prof. Or. J. Th. G. Overbeek; Or. A. J. Staverman. 

Correspondence to the committee should be addressed to P. O. 
Box 71. Leiden, Netherlands. 

The Conference fee is hfl. 7.50 (^proximately $2.85),payable 
in advance at Incasso Bank, Leiden, to the account of Or. C. Konings- 
berger. I. C. M. scientists intendli^ to participate are asked to write 
to the secretariat. Application blanks with full details about preprints, 
hotel accommodations, excursions, etc. will beforwardedon request. 


« 


The Institute of Polymer Research and the Oivision of Applied 
Physics of the Polytechnic Institute of Brooklyn announce the Sixth 
Annual Series of Summer Laboratory Courses. The courses offered 
in the 1949 series are: 

June 6-17. Industrial Applications of X-Ray Diffraction 
Tune 27-July 2. Advanced X-Ray Diffraction 
June 27-July 1. Molecular Weight Determination of Polymers 
July 25-29. Polymerization Techniques 

Inquiries should be addressed to Professor I. Fankuchen, Division of 
Applied Phvsics, or to Professor H. Mark, Institute of Polymer 
Research at the Polytechnic Institute of Brooklyn, 85 Livingston Street, 
Brooklyn 2, New York. 
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Dependence of Elastic Properties of Vulcanized Rubber 
on the Degree of Cross Linking * 

PAUL J. FLORY, NORMAN RABJOHN, and MARCIA C. SHAFFER, 
The Goodyear Tire <b Rubber Co., Research Laboratory, Akron, Ohio 


INTRODUCTION 

The network-statistical theory of rubber elasticity leads to the 
followli^ eiqpresslon for the force of retraction in stretched rubber 
asafunction of temperature, elongation, and network structure (1-3): 

T « RT(v/V)(a - ( 1 ) 

where T is the absolute temperature, v is the effective number of 
chains (3-4) extending between cross linkages within the volume V of 
the rubber, is the length of the stretched rubber relative to its un¬ 
stretched length, and r is e^qpressed as the retractive force per unit 
initial cross-sectional area. That the contribution of the heat term, 
omitted from consideration in equation 1, is generally negligible has 
been abimdantly verified by the observed proportionality between the 
retractive force (at constant a ) and the absolute temperature (5-9). 
The function of a occurring inequation If ails to depict accurately the 
shape of the actual stress-strain curve, but it affords a rough ap¬ 
proximation to it in some cases (7,8,10). Perhaps the most signifi¬ 
cant feature of the above relationship, and the one with which we are 
mainly concerned here, is the predicted dependence of the retractive 
force on the structure of the network as embodied in the factor v / V. 
With rare exceptions, previous investigations on the elastic properties 
of vulcanized rubberlike materials have been conducted on specimens 
of indeterminable network structure. Hence, the validity of the pro¬ 
portionality between force of retraction and effective number of net¬ 
work elements (chains) predictedby the statistical theory of elasticity 
of network structures has not been subjected heretofore to experi¬ 
mental test.** 

*Contribiition No. 154 from The Cioodyear Tire and Rubber Company, 
Research Laboratory. Presented before the High Polymer Forum at 
the 112th Meeting of the American Chemical Society, New York, N. Y., 
S^tember, 1947. The work presented in this paper comprises a part 
of a program of fundamental research on rubber and plastics being 
carried out under contract between the Office of Naval Research and 
The Goodyear Tire and Rubber Company. 

**Slnce this psqper was written, Bardwell and Winkler (10a) have 
published the results of an investigation dealing with the relationship 
of the force of retraction at 300% elongation to t^e degree of cross 
linking in vulcanized GR-S synthetic rubber samples. Vulcanization 
was bro\ight about by treating GR-S latex with potassium persulfate. 
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The effective number v of chain elements generally dependsprl> 
marily on the numbers of cross linkages introduced in the form^itm 
of the network. Conventional vulcanization of rubber with sulfur and 
accelerators is a complex process, and more than one t]rpe of cross 
linkage may be formed (11). Reliable analytical determination of the 
total number of cross linkages occurring in sulfur vulcanlzates does 
not appear to be feasible at the present time. 

Recently develc^ed (12) disazodicarboxylate vulcanizing agents 
react quantitatively n^th rubber, one cross linkage being introduced 
for each mole of the reagent. Through the use of these compounds, 
rubber vulcanizates characterized by known degrees of cross Unking 
may be readily prepared, and hitherto unesqplored relationships be¬ 
tween various physical properties and vulcanizate structure may be 
e:q>lored. The present investigations has been devoted primarily to 
the e]q>erimental determination of the dependence of the force of re¬ 
traction on the degree of cross linking in nibbers vulcanized in this 
manner. 


THEORETICAL 


In order to eiqpr ess the "structure factor" v/W in more tangible 
form, the effective number v of chains must be related to directly 
measurable quantities. Consideration of the network structure leads 
to the relationship (3,4): 

V » Vo - 2N 

where N is the number of primary molecules (i.e., polymer molecules 
present prior to the introduction of cross linkages) and Vq Is half the 
number of cross linkages within the volume V. The indeterminate 
number of intramolecular "short circuit" connections should be de¬ 
ducted from the above expression, but otherwise it should be valid 
with slight approximation. Uponintroducingthis expression for v into 
equation 1, the elasticity equation can be eiqpressed in either of the 
alternate forms: 

T • (RT/Vu)(p- 2/x)(a- 1/a®) (2) 

OP * 9 

T - <RT(1/Mc)(l - 2Mc/M)(0- 1 /a*) (3) 


where p is the "density" of cross linked units, or fraction of the 
structural units which are cross linked, is the volume of one 
unit, X is the degree of polymerization, M is the molecular weight 
(number average) of the primary rubber molecules. Me is the mole¬ 
cular weight per cross-linked unit, and d is the density of the vulcan¬ 
izate. Thus: 

Vo • pV/Vu • Vd^Mc 


and the degree of cross linking was calculated from the gel-to-sol 
ratio. For degrees of cross linking iq> to 0.40 equivalent per cent 
( p - 0.40 X 10"2)j which corresponds to the lower portion of the 
range investigated here, forces (rf retraction were observed to be 
several-foldgreaterthanthepredlctlonsof equation(1). The deviation 
is in the same direction as we have observed, but much larger In 
magnitude. 
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N • V/XV„ • Vd/M 

The linear dependence of t on the reciprocal of the primary 
molecular weight M at fixed a and constant density /> ol cross-linked 
units has been confirmed in the case of butyl rubber (4), which is par¬ 
ticularly amenable to this t]rpe of experiment. The magnitude of the 
force retraction, however, was observed to be about three times 
that predicted by the above theoretical equations. It was suggested 
that entanglements of chains may be responsible for the enhancement 
of as compared with the calculated value. The further sug¬ 

gestion was made that entanglements in butyl rubber vulcanizates may 
beexcessiveowingtothepeculiar nature of vulcanization when so few 
reactive units are present. 

The theoretically predicted influence of degree of cross linking 
on r at constant primary molecular weight M is more clearly shown 
by equation 2. The linear relationship differs from a simple propor¬ 
tionality merely by the term 2/x, which can be made almost negligible 
by employing polymers of high molecular weight. Results on butyl 
rubber indicated a slower increase of r with p than predicted by the¬ 
ory, a result which sqppears to be in line with the postulate that entan¬ 
glements contribute appreciably to the restraints on the deformed 
structure. However, the range of p values covered in these enperi- 
ments was too small for a definite decision on this point. 

EXPERIMENTAL 

Materials 

The synthesis of the disazodicarboxylates: 

(RO-CO-N=N-COO)2R’ 

is described elsewhere (12). Decamethylene dis-methyl azodicarboxy- 
late [ 10-1]'^ was prepared by nitric acid oxidation of the corresponding 
bishydrazo compound; hypochlorous acid oxidation was employed in 
preparing decamethylene dis-n-decylazodicarboxylate [10-10]. Both 
were purifiedby recrystallization from a mixture of ethyl acetate and 
hexane to constant melting points, 38-390 and 35-360, repectively. 
While analytical data (12) were otherwise satisfactory, the latter [10- 
10] contained atrace of halogen. The 10-1 compotmd was stable for 
months at room temperature, whereas the 10-10 compound decom¬ 
posed slowly on standing, the initially crystalline material changing 
to an oil in the course of several months. Diethylene disethylazodi- 
carboxylate [5-2 ], anoil which cannot be distilled, was prepared by 
nitric acid oxidation of the hydrazo intermediate. Since it could not 
be purified, its use was restricted to preliminary eplorations. 

Stock solutions of natural rubber containing about 5% of rubber 
in benzene were prepared from pale crepe which had been subjected 
to slight breakdown by 15 passes between mill rolls. The solutions 
werepreparedatroomtemperature,filteredwith pressure and stored 
in the dark. 

*The numbers in brackets refer, respectively, to the number of chain 
atoms in the divalent radical R' and in each of the monovalent radicals 
R. 
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GR-S synthetic rubber containing 72% butadiene was dissolved 
in benzene andprecipitatedwithalcoholfor the purpose of eliminating 
extraneous substances of low molecular weight. Approximately l%of 
phenyl-^ -nsgphtlqrlamine was added to the prec4>itate before drying in 
vacuum at 60*^. Stock solutions were prepared containing about 10% 
of the purified GR>S in toluene. More uniform GR- S films could be c ast 
from this solvent than from benzene. In spite of their higher concen¬ 
trations, the GR-S solutions were less viscous than the nibber stock 
solutions. 

Concentrations of the stock solutions were accurately deter¬ 
mined by evaporating weighed samples to dryness and weighing the 
residues. Intrinsic viscosities, measured on diluted portions of the 
stock solutions, were about 4.5 and 2.0 for the natural rubber and 
GR-S, respectively. These values correspond to viscosity average 
molecular weights of 950,000 (13) and 225,000 (14), respectively. 

Preparation of Vulcanizates 

A small quantity of the benzene solution containing the required 
amount of the disazodicarboxylate was mixed thoroughly with a weighed 
portion of the stock solution of rubber. The solution was subjected to 
vacuum for the purpose of removing gas bubbles and dissolved gases. 
It was then poured onto a glass tray consisting of a rectangular piece of 
plate glass provided around its edges with vertical barriers made of 
glass strips cemented to the plate glass. The tray was placed, carefully 
levelled, into a ventilated oven where it was heated at 60° for two 
hours. The vulcanized rubber sheet was then stripped from the tray. 
With proper manipulation, bubble-free, unrippled sheets could be ob¬ 
tained. Thicknesses ranged from 2 to 14 mils (inches xl03), depend¬ 
ing on the quantity of rubber used. Edges of the sheets were exces¬ 
sively thick, but elsewhere the sheets were fairly uniform in thick¬ 
ness, although not accurately so. 

Measurement of the Force of Retraction 

Forces were measured with a triple beam balance sensitive to 
0.01 g. The weighing pan was removed and a vertically adjustable 
platform was mounted on the base of the balance directly under the 
stirrup. The apparatus, exclusive of the balance, is shown diagram- 
matically in Figure 1. A two-inch rubber stopper A to which the lower 
test clamp C was fastened, was anchored, small end up, to the adjust¬ 
able platform B. The rubber stopper served as the sig>port for a 2 x 
5-inch glass tube D which surrounded the sample during equilibration 
(see below) and measurement of the force of retraction. A thin rub¬ 
ber stopper E was inserted in the iq>per end of the glass tube. Through 
a small hole in the center of this stopper a fine wire F connected the 
upper test clanq> C' to the stirrup of the balance directly above the tube, 
/mother hole G in the tqpper stopper provided for the addition and re¬ 
moval of equilibrating liquids. 

A small dumbell test specimen was cut from the vulcanized rub¬ 
ber sheet using a die having dimensions similar to .those described 
previously for microtesting of rubber (4); the mid-section is 0.100 
inch wide andO.5 inch long. A pair of ink marks H, about 1 cm. apart, 
was carefully placed within the uniform section of the dumbell and the 
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ends of the dumbell were fastened In the clamps. The clamps con¬ 
sisted merely of pairs of aluminum plates with approximate dimen¬ 
sions 1.0 xl.5 X 0.3 cm., eachpairbeingheldtogether by two screws. 
The end tab of the dumbell was held between these plates under the 
pressure provided by the screws. 


TO BALANCE 



Fig. 1. Diagram of apparatus for measuring force 
of retraction. 

After fasteningthe sample in the clamps, the glass tube wasput 
in place about the sample, the wire attached to the upper clamp was 
inserted throughtheupper stopper and attached to the balance stirrup, 
and the upper stopper was set in place. The platform siqpporting the 
lower rubber stopper and clamp was lowered gradually until the bal¬ 
ance reached zero position at substantially zero load on the test piece. 
The balance arm was locked at this point and the distance between 
centers of the ink marks was read with a travelling microscope 
reading to 0.002 inch. The platform was then lowered until the de¬ 
sired elongation was reached, as observed with the travelling micro¬ 
scope in the same manner. 

The method used for equilibration is similar to that described 
by Gee (8).* The glass tube surrounding the test sample was filled 
with petroleum ether (b.p. 30-600) and swelling allowed to proceed for 
about ten minutes. The petroleum ether was then removed and air or 
nitrogen was passed through the tube for about forty minutes to com¬ 
plete ev<q>orationof allpetroleum ether absorbed by the sample. The 
balance arm was then unlocked and the force observed. All measure¬ 
ments reported here were carried out at about 250C. 

*Our method of equilibration differs from that of Gee in that the sam¬ 
ple is maintained at constant length during the swelling-deswelling 
cycle, whereas in Gee's experiments the sample was subjected to con¬ 
stant load. 
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The distance between the ink marks, when remeasured in sev¬ 
eral instances following the swelling cycle, was found to remain un¬ 
altered by the treatment with petroleum ether. The force, however, 
was appreciably less, the greater change occurring in samples of 
low degrees of cross linking. 

Our observations confirm those of Gee pertaining to the adequacy 
of the above treatment for arriving at values for the force of retrac¬ 
tion r which are true equilibrium values characteristic of the vulcan- 
izate network structure. Without solvent equilibration the stress con¬ 
tinues to relax over an indefinitely long period; the value of r arrived 
at in this manner is strongly dependent on the patience of the invest¬ 
igator. After the solvent equilibration treatment, on the other hand, 
the force of retraction remains constant for many hours. Typical re¬ 
sults are shown in Table I. Even at the lowest degree of cross link- 
ingwherethe average distance between cross-linking points is a thou¬ 
sand structural units, a remarkably stable equilibrium value is se¬ 
cured, this value being much lower than the force observed prior to 
equilibration. The initial force of retractiqn exceeds the equilibrium 
value by an amount which diminishes rapidly as the degree of cross 
linking is increased. Thus, the equilibration operation becomes un¬ 
important for higher values of />. In agreement with Gee’s findings, 
the same equilibrium value for r at 100% elongation was obtained when 
the rubber was first stretched to a higher elongation, equilibrated, 
allowed to retract to the chosen elongation, e.g., 100% and again equi¬ 
librated. 


TABLE I. Equilibration of Natural Rubber 10-1 Vulcanlzatee at 
lOO^t Elongation 


P X 100 , 
Equiv. jo 
of 10-1 

'before 

equilibration, 

p.s.i. 

Time 

after 

equilibration 
treatment, hours 

T after 
equilibration, 

p.s.i. 

0.10 

27 

0.5 

14.0 



1.0 

13.8 



3 . 

13.6 



16. 

13.1 



24 . 

15.0 

0.20 

54 

0.25 

26.6 



1.0 

26.7 

1.00 

85.3 

0.25 

85.5 



0.50 

83.8 



1.25 

83.7 


Followingthe elasticity measurements, the sample was relaxed 
to its initial length and a 1.00-cm. segment of the mid-section of the 
dumbell was accurately cut out with a die. This recttmgular segment, 
0.254 cm. in width and 1.00 cm. long, was weighed to the nearest 0.01 
mg., and the thickness and cross section were computed from the 
weight, assuming a density of 0.92. 

Sulfur Accelerator Vulcanizates 

For conq>arison of elastic properties, thin natural rubber sheets 
were vulcanized with sulfur and accelerator using the following recipe. 



CROSS LINKING OF VULCANIZED RUBBER 231 


Pale cr^e.100. Stearic acid.1.0 

Sulfur. 2.5 Zinc oxide.5.0 

Mercaptobenzothlazole . 0.75 

Swollen Samples for Elasticity Measurements 

For thepurpose of exploring the influence of swelling on elastic 
prq;>ertle8 of azo-vulcanized rubbers in comparison with the eUect at 
swelling agents on rubber vulcanized with sulfur and accelerator, 
weighed dumbell^ecimens were placed in mineral oil (Nujol) for such 
times as were required for imbibition of the desired prcq;>ortion of the 
swelling agent. The specimen was then removed from the mineral oil 
and allowed to stand overnight to assure uniform distribution through¬ 
out the sample. After reweighing, the force of retraction was meas¬ 
ured; equilibration was unnecessary because the swelling agent as¬ 
sures rapid attainment of equilibrium. 

Determination (rf Swelling Ratio. A small section (about 0.1 g.) 
of the vulcanized rubber sheet was weighed accurately and placed in 
benzene containing 1 g./liter of phenyl-/3-naphthylamine. As a fur¬ 
ther precaution against degradation, swelling was carried out in dark¬ 
ness. Preliminary tests Indicated that equilibrium was obtained with¬ 
in five hours. 

When this point was reached, the sample was transferred to a 
small tube carrying a 19/38 ground glass joint. This was attached 
to a stopcock which was connected through a 10/30 ground joint to a 
T-tube. One arm of this tube led to a reservoir of benzene, the other 
to a vacuum pump. The system was evacuated to 20-mm. pressure 
and placed in a constant temperature bath at 25<^for a half hour to 
establish equilibrium. The stopcock to the sample tube was closed, 
the vacuum in the remainder of the system broken, and the sample 
tube plus stopcock connection removed and weighed. The sample was 
then taken out and the tube (containing droplets of benzene) reweighed. 
By this procedure it was possible to obtain the weight of the swollen 
sample in a saturated benzene atmosphere, thus eliminating the loss 
of weight due to evaporation of the benzene. A blank was carried out 
to determine the difference in weight between the sample tube 
containingthe benzene atmosphere and the same containing air. This 
correction was (q>plied to the weight of each sample. 

Five samples were measuredfrom eachvulcanizate and an aver¬ 
age of the values was taken. 


RESULTS 

Preliminary Considerations 

The pure disazodicarboxylates, when incorporated in rubber in 
the manner described above, are believed to introduce cross linkages 
in substantially the stoichiometric amoimtfor reasons which may be 
set forth as follows: 

(a) Ethyl azodicarboxylate reacts with rubber (15) and with the 
analogous monomeric unsaturate compoimd, trlmethylethylene (12), 
g^iving in each case a quantitiative yield of the adduct. If an excess 
of either hydrocarbon is used, all nitrogen of the ethyl azodlcarboxy- 
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late is combined in the adduct produced. The structure of the one-to- 
one adduct formed with trimethylethylene has been established (12). 

(b) The 10-1 disazo compound adds quantitatively with trimethyl¬ 
ethylene, present in excess, to form a stable adduct. This product 
is an oil which could not be distilled iq> to SOO^C. at a pressure of 1 
mm. Rs stinicture has not been established but it is presumed to be 
analogous to the ethyl azodicarboi^late-trlmethylethylene adduct. 

(c) The elastic properties of the azo-vulcanized rubbers are 
insensitive to the temperature and time ol heating, provided they are 
adequate for completion of the addition. The properties of vulcan- 
izatespreparedbycastingfilmsfrom different solvents are the same. 


TABLE II. Force of Betraction as a Function of Conditions of 
VtHc anl z at 1 on* 


Solvent 

Tenrperature, ®C. 

Time, 

hours 

T, at 

lOOjt elongation, 

p.s.i. 

Benzene 

60 

2 

Jt 8.9 

Benzene 

60 

2 

50.7 

Benzene 

60 

2.5 

1 * 7.1 

Benzene 

60 

3 

50.9 

Benzene 

60 

5.5 

51.1 

Toluene 

60 

2 

50 . 1 * 

Carbon tetrachloride 

60 

2 

50.2 

Benzene 

ko 

5 

61 *. 4 '’ 

Benzene 

70 

1.5 

66 . o** 


*A 11 natural nibber vulcanizates prepared using 1.0 equivalent 
per cent of 5-2 . 

different, apparently purer, preparation of the 5-2 equivalent 
compound was used In these two experiments. 


Preliminary results such as those shown in Table n indicated 
the adequacy of two hours at 60° for completion of the addition re¬ 
action. Different preparations of the 5-2 disazo-vulcanizing agent 
used in these experiments gave discordant results owing to the vari¬ 
able purity of this compound. Sets of results obtained by using the 
same batch of vulcanizing agent provide the necessary iidormation, 
however. Further use of the 5-2 compound was abandoned in favor 
of the 10-1 and 10-10 compounds which may be obtained in crys¬ 
talline form. Similar, though less complete, eiqjloratory eiqperiments 
demonstratedthat2'hours at 60° was ^so sufficient for vulcanization 
with the 10-1 compound. It was found further that films prepared 
by casting a solution of natural rubber and 10-1 in the low-boiling 
solvent, ethyl bromide, followed by heating for 1 hour or more at 60° 
exhibited tensile stren^hs and ultimate elongations agreeing closely 
with values obtained using benzene as solvent. GR-S reacted with the 
azo confounds at a similar rate. 
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It would be difficult, if not impossible, to demonstrate in a 
straightforward manner by any presently known technique whether or 
not chain scission accompanies the cross-linking process. That the 
primary rubber molecules survive the azo-vulcanizing process with¬ 
out excessive degradation is indicated, however, by the rather small 
change in intrinsic viscosity occurring when rubber films are pre¬ 
pared according to the standard procedure using small proportions 
of ethyl azodicarboxylate in place of the disazo compound. These re¬ 
sults are shown in Table ID. The rather marked decrease in intrinsic 
viscosity when larger proportions are used must be caused, in part 
at least, by the chemical modification of the polymer chain resulting 

TABUS III. Effects of Ethyl Azodicarboxy late (EAD) Addition on 
the Intrinsic Viscosity of Natural Rubber**® 


Equiv. ^ of 

EAD 

Intrinsic viscosity 
in benzene 

M X 10 "S 

V ( 

calciilated 

0 

5.09 

10 

s 

4.70 

9.2 

k 

2.96 

4.6 

8 

2.92 

4.5 


‘'All films cast from benzene solutions containing EAD, then 
dried at 60 ° for 9 hours. 

^The intrinsic viscosity of the rubber in the stock solution 
was 

®The viscosity average molecular weight values given in the 
IsLSt column are viscosity averages calculated from the relation¬ 
ship of Carter, Scott, and Magat (IJ) for inibber in toluene; 
intrinsic viscosities for rubber in benzene and in toluene are 
similar. 


from formation of the adduct. Benzene is a poor solvent for the mod¬ 
ified rubber chains, hence the intrinsic viscosity is diminished on 
this account. The molecular weight values for the more highly mod¬ 
ified rubbers included in Table m may be considerably too low for 
this reason. 


Effect of Sample Thickness 

The retractive force per unit cross-section at a given elonga¬ 
tion was observed to vary somewhat with the thickness of the sheet, 
as shown by the results plotted in Figure 2. The effect appears to 
vanish for low proportions of the vulcanizing agent, and with higher 
proportions it becomes small, below a thickness of about 5 mils. Sul¬ 
fur vulcanizates exhibited r values independent of thickness. Four 
rubber sheets varying from 12 to 25 mils in thickness but otherwise 
Identically prepared by vulcanizing in a press for 30 minutes at 285^F. 
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using the sulfur-mercaptobenzothlazole recipe given above registered 
identical values for r at 100% elongation. 

The possibility that the above behavior of the azo vulcanizates 
is related to the occurrence of partial vulcanization prior to evapor¬ 
ation of solvent appears to be ruled out by the uniformity of results 
obtained with different solvents (see below). We are inclined to at¬ 
tribute the observed dqpendenceofproperties on thickness to the lim¬ 
ited compatibility of the disazo-vulcanizing agents with rubber; when 
the proportion of the azo compound is large, it may tend to segregate 
(although not visibly so) on the surface and, if the sheet is thick, dif¬ 
fusion may be too slow to assure imiform reaction throughout. On the 
other hand, an appreciably "tighter cure" on one surface than on the 
other is rendered unlikely by the observation that samples swollen in 
solvents show no tendency to curl. 



Fig. 2. Force of retraction t vs. thickness of vulcanized 
sheets for the various proportions of 10-1 vulcanizing 
agent indicated by the equivalent percentage figures 
(p X 100) adjacent to each curve. 

Whatever may be the cause of the variation in elastic properties 
with thickness, the magnitude of the effect is not large and approxi¬ 
mately constant values for r are observed for all thicknesses below 
5 mils. Extr^olation to zero thickness offered the best means for 
minimizing the influence of the anomaly. 

The Stress-Strain Relationship 

The stress in conventionally vulcanized rubber is known to de¬ 
pend on the relative length a in a manner which is approximated only 
roughly by the function of cr occurring in the alternate equations 1-3 
derived from the network-statistical theory of rubber elasticlty(3,7,6, 
10). The departure of the stress dependence on elongation from theory 
has been shown in aparticularly effective manner by Gee (8) who cal¬ 
culates a quantity designated as x which is proportional to the ratio 
of the observed force of retraction to that calculated from e- 
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quatlonl. Modifying equation Ito include networks swollen with dil¬ 
uent after vulcanization: 

T = RT(v/V){a - (4) 

where <r is ratio of the length of the stretched, swollen sample to un¬ 
stretched, swollen length and V 2 is the volume fraction of polymer 
(rubber) Inthe swollen sample. Then x is defined by Gee as follows: 

A ■ f’^obsy^calcd.HV/Rv) 

( 5 ) 

= "^obsytTCa - i/o®)/Vj ®] 

Whereas, according to theory, x should be a constant for a given vul- 
canizate, Gee observedthat it decreasedwith increase in a in all cases 
investigated, including gum vulcanizates of various synthetic rubbers 
as well as natural rubber. He also showed that x tends to decrease 
on swelling, the change in x with a for swollen rubbers being small. 



Fig. 3. Relative stress dependence on elongation. Xt 
representing a quantity proportional to tobs.'^'^calcd. • 
plotted against the relative extension a for the de¬ 
grees of cross linking (px 100) Indicated with each 
curve. 

In Fig. 3 the magnitude of the variation of x with a for azo- 
vulcanized rubbers is seen to be roughly independent of the extent of 
cross linking. Consideredfromthestan^oint of the percentage vari¬ 
ation of X with or , the effect is relatively unimportant at high degrees 
of cross linking but excessively so at very low degrees. When p = 
0.10, for example (results not shown in Fig. 3), the effect is manifested 
by an increase of only about 10% in t between a = 2 and 3. At high de- 
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grees of cross Unking the data suggest that x passes throu{^ a min¬ 
imum value beyond which it increases with further elongation. 

The effects of a diluent (Nujol) on x, shown in Figures 4 and 
5, paraUel the observations of Gee on sulfur vulcanizates. The dis¬ 
placement of X with addition of diluent seems to be greater for the 
p - 1.00 X 10~^ azo vulcanizate than for the sulfur-accelerator vul- 
canizate (30 minute cure at 28S°F.) shown for comparison. The re¬ 
sults obtained for somewhat higher degrees of cross linking ( /> =1.5 
and 2.0 xl0~2) exhibits smaller change of x with swelling, which is 
more in line with the sulfur vulcanizate results. The conclusion ^- 
pears Justified that the elastic properties of the azo vulcanizates do 
not differ significantly from those of rubbers viilcanized in the con¬ 
ventional manner to similar degrees of cross linking. 



Fig. 4. Relative stress dependence on elongation for azo- 
and for sulfur-vulcanized natural rubber swollen to the 
various degrees indicated for each curve. (Swelllng-vol- 
une ratio » l/Vj.) 

The cause of the deviation of from its theoretically pre¬ 

dicted dependence on p anddegree of swelling (I/V 2 ), as demonstrated 
by the variation in x > is not clear. As Gee pointed out, the swol¬ 
len rubbers behave more nearly in accordance with theory than the 
unswollen rubbers, and x ior the latter at higher elongations ap¬ 
proaches the fairly constant value assumed by X for the highly swollen 
samples. These observations led Gee (8) to conclude that a swollen 
and/or stretched ( oc = 2) rubber behaves approximately "ideally” 
and that the unswollen vulcanizate at low elongation deviates most 
widely from "ideality.” Gee’s suggestion that this deviation is caused 
by a tendency for the rubber chains to assume a condition of align¬ 
ment, this tendency being enhanced by elongation and depressed by 
swelling, is imtenable from either of two points of view. On purely 
thermodynamic grounds, no ^stem will spontaneously tend toward a 
more ordered state unless this state offers a lowering of internal en¬ 
ergy. Thermoelastic measurements, however, show that the in¬ 
ternal energy of the rubber is very nearly independent of the 
elongation. Secondly, if Gee’s explanation were correct, the 
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anomaly In x would surely be widely variable among various types 
of rubbers. Gee's results show that this is not the case. 

Pasternak and Kuhn (16) recently observed that the elastic mod¬ 
ulus of vulcanized rubber at small extensions decrease more r^idly 
with swelling than theory would predict. This observation is equiva¬ 
lent to the decrease in x discussed above for somewhat greater ex¬ 
tensions. They attributed the deviation from theory to secondary bonds 
between chains, these bonds acting to increase the degree of cross 
linking in the unswollen rubber, but being broken in the presence of 
the swelling agent. This conclusion appears to be untenable inasmuch 
as equilibration by temporarily swelling the unswollen samples in the 
above manner does not eliminate the discrepancy between x values 
for the swollen and unswollen samples. 



Fig. 5. Relative stress dependence on elongation for 
higher azo vulcanlzates swollen to the various degrees 
indicated. 

It Should be kqit in mind that the derivation of the equation of 
state for rubber rests on a number of assumptions and approximations. 
Of these, the use of the Gaussian distribution function to represent 
both relative numbers of configurations and the chain displacement 
length distribution, and the disregard of the random lengths of the 
chain elements, would seem to be of likely significance in connection 
with the stress-strain behavior considered above. A minor deviation 
of the actual probability distribution of chain lengths from the Gaus¬ 
sian form would lead to “anomalies” of the magnitude observed a- 
bove. These remarks are in no wise considered to offer an expla¬ 
nation of the observations; they are intended merely to emphasize the 
importance of avoiding a tpo-literal acceptance of the predictions of 
network-statistical theory, particularly in regard to the precise form 
of the stress-strain relationship. 
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Dependence of the Force of Retraction on the Degree of Cross Lltddng 

The results and discussion of the last section leave unanswered 
the question as to what elongation (and degree of swelling) should be 
chosen for comparingthe forces of retraction in rubbers cross linked 
to various degrees. According to results shown in Figures 3-5, the 
shape of the r vs. /> curve at a given elongation will be appreciably 
dependent, particularly at low values of /> , on the choice of elonga¬ 
tion; the lower part of the curve (near /> = 0.2 x 10 * 2 ) may be altered 
as much as 50% relative to the upper (high p ) end of the curve, de¬ 
pending on the elongation at which the comparisons are maide. 

Somewhat arbitrarily, but in part for the sake of eiqperlmental 
convenience, we have chosen 100% elongation {a = 2) for this purpose. 
Results obtained with natural rubber vulcanizates prepared using var¬ 
ious proportions of the 10-1 disazo compound are shown in Table 
IV. Most of the values represent extrapolations to zero thickness 
from the results shown in Figure 2. There extrapolation was not em - 
ployed, the proportions of vulcanizing agent for the first two samples 
are small enough to obviate the need for extr^olation. 


TABEE IV. Force of Betraction at lOOjt Hongation and Degree of 
Cross Linking; Natural Bubher Vulcanized with 10-1 


Equiv. io of 10-1 , 
p X 100 

Sheet thickness, 
mils 

T, p.s.i. 

0.10 

16.5 

15.5 

0.20 

11.0 

26.7 

0.40 

Extrapolated to zero 

50 

0.50 

Extrapolated to zero 

55 

0.80 

9.6 

69 

1.00 

Extrapolnted to zero 

82 

1.50 

Extrapolated to zero 

102 

2.00 

Extrapolated to zero 

124 

2.50 

Extrapolated to zero 

14? 

5.00 

Extrapolated to zero 

178 


These characteristic r values for a = 2 are plotted against 
p in Figure 6. The broken straight line represents the theoretical 
relation according to equation 2, assuming 2/x = 0. The actual value 
of X (number average) may be assumed to be least 5000. Hence x/2 
is all but negligible in equation 2, and the required di^lacement of 
the intercept of the theoretical line from the origin in Figure 6 should 
be barely perceptible. Also included in Figure 6 are average r val¬ 
ues for rubber vulcanizates prepared by using the 10-10 disazo com¬ 
pound. The results on which these averages are based were erratic, 
presumably due to the instability of our sample of this vulcanizing 
agent. The accuracy of this set of points is therefore questionable and 
no significance is attached to the fact that they are in general some¬ 
what higher than the much more reliable values for the 10-1 vul- 
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canizates.* Over most of the range, t for a given proportion of 
cross-linking agent, appears to be approximately independent of the 
particular agent selected. 

Observed magnitudes for t on the whole are remarkably close 
to the predictions of theory. The change in t with p is less than 
predicted, however, t being higher than theory for low degrees of 
cross-linking, while the reverse is true at high degrees. The nature 
of the variation of x with a (Fig. 3) makes clear that this deviation 
could not be ^preciably reduced by choice of an a other than 2 for the 
force measurements; if a lower a were chosen, this deviation would 
be enhanced somewhat. 

Corresponding results on the dependence of t at a = 2 on/> for 
GR-SvulcanizedwithlO-1 are given in Table V and Figure 7. p is ex¬ 
pressed in equivalents per butadiene unit. In most cases the values 
represent measurements at low thickness without extrapolation to zero 



X 100 OR EQUIVALENT PERCENTAGE OF CROSS- 
LINKING AGENT 


Fig. 6. Dependence of the force of retraction on degree 
of cross linking for natural rubber vulcanizates. 

thickness. The theoretical line has been drawn according to equation 
2 again neglecting 2/x. Although the number average x (representing 
the number of butadiene imits per molecule) for the precipitated GR-S 
used in these e^qperiments is unknown, it probably is of the order of 
1000 and 2/x is not negligible. The theoretical straight line should be 
shiftedto the right by an uncertain amount, presumed to be of the order 
of 0.2 X 10“*2 unit in p . 


♦Since the 10-10 preparation proved to be unstable, it may have un¬ 
dergone appreciable decomposition during the vulcanization operation. 
In analogy with decompositions of other azo compounds, free radicals 
doubtless are released and these may, depending on the circumstances, 
leadto larger extents of interlinking than would have been realized by 
the addition reaction alone. The larger r values obtained with 10- 
10 as compared with 10-1 may be accounted for in this manner. 
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TABia V. Force of Betraction at lOOjt jacogatlon and Degree of 
Cross Linking; QR-S Vulcanized vlth 10-1 


Bqulv. i> of 10-1 , 

P X 100 

Sheet thickness, 
mils 

X, p.s.i. 

T 

Avera^ ^ 

0,50 

3.81 

61.3 



3.81 

61.1 

61.4 


3.67 

61.7 


1.0 

6.02 

85.1 



5.04 

83.6 

83.2 


7.10 

83.0 


1.5 

5.91 

121.0 



4.54 

123.0 

121.8 


3.97 

121.3 


2.0 

6.01 

147.9 



5.80 

147.9 

148.0 


6 -. 07 

148.1 


2.5 

5.27 

159.9 



5.69 

158.2 

160.0 


5.07 

161.9 



The results for GR-S agree with the theory somewhat better than 
is the case for the natural rubber vulcanizates. The same type of de¬ 
viation is apparent, however. 



Fig. 7. Dependence of the force of retraction on degree 
of cross Unking for OR-S vulcanlza-tes. 


Equilibrium Swelling 

Force of retraction measurements at 100% elongation could not 
be extended satisfactorily beyond p Zx 10-2 owing to the tend¬ 
ency of more highly cross-linked samples to tear at the test clamps. 
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TABLE VI. Equill-brlLiin Swelling of Natural Rubber 10-1 Vulcaniz- 
ates in Benzene at 25® C. 


P X 10® 

SV = l/vz 

'^bs. 

at lOOJb elong., 
p.s.i. 

m. 

T 

at 100^ along, 
calcd, from 
swelling 

at 10056 ©long, 
calcd. from 
theory 

0.50 

5.89 

53 

58 

42 

1.00 

5.11 

82 

82 

83 

2.00 

4.27 

124 

128 

161 

3.00 

3.88 

178 

163 

235 

4.00 

3.66 


190 

305 

6.00 

3.^0 


230 

435 

10.0 

2.8? 


370 

660 

20.0 

2.31 


700 

1070 

30.0 

1 . 9 »^ 


1280 

1360 

40.0 

1.71 


i860 

1560 


“Calculated from equilibriuzn swelling volume ratio (1/^2) using 
equation 7 with = 0 ,h }0 and for « = 2 . 

^Calculated from elasticity theory according to equation 8 . 


Responseof the vulcanizate structure to deformation may also be ad¬ 
duced from equilibrium swelling measurements, which may be ex¬ 
tended to considerably higher degrees of cross linking. Results of 



Fig. 8. Swelling-volume ratio (SV = l/Vg) vs. degree of 
cross Unking for natural rubber in benzene at 25oc. 

such measurements carried out in benzene on samples for which p 
X 102 varied from 0.5 to 40 are recorded in Table VI. In Figure 8 the 
swelling-volume ratio SV =l/v 2 , representing the ratio of the volume 
of the swollen sample at equilibrium to its unswollen volume, is plot¬ 
ted against p over the range 0.5 to 20 x 10"2. 
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According to the statistical mechanical treatment of swelling 
(17,18)> at equilibrium: 

- [In (1 - Vj) + Va + v,/2) • (v/V)Vi (6) 

where Vi is the molar volume of the solvent and /i-i is the energy of 
interaction parameter equal to BVi/RT where B is the cohesive en¬ 
ergy density constant for the polymer-solvent pair.* Substituting for 
v/V from equation 1: 

i/s 

- [In (1 - Vj) + Vj + HiV 5 ]/(Vj - Vi/2) « 

[t/( 0 - l/a*)](Vi/RT) (7) 

which relates r and V 2 Independent of the vulcanizate network struc¬ 
ture, Both r and V 2 have been determined for each of the four low¬ 
est vulcanizates listed in Table VI. Hence, it is possible to calculate 
apparent values of for each of these samples as follows: 0.438, 
0.431,0.435, andO.415. Although application of the same ft-i value over 
the entire range'''is questionable, equivalent values of r have been 
calculated from V 2 using the average /ij » 0.430. These are given in 
the fourth column of Table VI where they may be compared with the 
observed r’s given in the third column and with those in the last 
column calculated from the degree of cross linking according to theo¬ 
ry. The alternate equation 3 has been used for this purpose, neglect¬ 
ing the inconsequential 2M(./M term and making allowance for the re¬ 
latively large weight fraction of the vulcanizing agent in the higher 
vulcanizates through the use of the relationship: 

Me • 68/p ♦ 402/2 

where 402 represents the molecular weight of the 10-1 disazo com¬ 
pound. Assuming the same density, 0.92, for all vulcanizates: 

T„,2 * 5-8 X 10"/(201 + 68/p) (8) 

from which figures in the last coliunn of Table VI have been calcu¬ 
lated. 

The T’s computed from the swelling measurements (column 
four) may deviate appreciably from the actual forces of retraction 
which, if measureable, would be exhibited by the higher vulcanizates. 
A moderate decrease in ft i with increase in p in the intermediate 
range is indicated. This would lead to somewhat larger values for the 
r *s calculatedfrom swelling in this range. At the highest degrees 
of cross linking, increasing polar char¬ 

acter of the polymer resulting from the large percentage d azodicar- 
boxy late content. The r’s calculated from swelling data on the last 
two or three samples may for this reason be much too large, hence 
comparisons here may be of little significance. In spite of these lim¬ 
itations, the data in Table VI serve to show that the force of retraction 
continues to increase with p over a much wider range than was as¬ 
certainable from direct measurement of r . 

*Equation 6 differs slightly from the previously published swelling 
equation (17) by the inclusion of -V 2/2 in the denominator term. Its ef¬ 
fect is not large provided that V 2 ^s small. The deviation of this pre¬ 
ferred relationship will be published elsewhere. 
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CONCLUSIONS 

The results reported above demonstrate a progressive increase 
in the force of retraction t at fixed elongation with increase in the 
fraction p of the structural units which are cross linked from p = 
O.lOxlO'^to 3.0 xl0"2. Over this range, t at 100% elongation in¬ 
creases about thirteenfold. Swelling measurements indicate that the 
increase in r with p continues over an additional tenfold range in 
p . Previous assertions (19) that the modulus of elasticity of soft 
gum rubber vulcanizates depends largely on chain interaction and en¬ 
tanglements other than those imposed by the cross linkages, and that 
the modulus therefore is not directly related to the degree of cross 
linking, are without foundation. 

The statistical theory of rubber elasticity eiqpresses the force 
of retraction as a function of the temperature, vulcanizate structure 
and elongation; no arbitrary constants are involved. The magnitudes 
of T for a s 2 are in remarkably close agreement with the predi¬ 
ctions of the theory over most of the range in p . This fact is of the 
utmost significance in confirmation of the statistical theory of rubber 
elasticity and of the analysis of the network structure of vulcanized 
rubber. 

On the other hand, r increases less rapidly with p than the 
directprcqiortionality prescribed by theory. Forces of retraction are 
higher than the theory predicts at low degrees of cross linking, and 
an opposite deviation is observed for values of p greater than about 
1 X io~2. Previous observations on butyl rubber (4), vulcanized to 
p values from about 0.16xl0~^ to 0.28 X10'^ indicated forces of 
retraction (for infinite molecular weight M) which exceed by about 
threefoldthosepredictedfromthetheory. This deviation is decidedly 
larger than has been observed herein the same range for p . A sub¬ 
stantial part of the discrepancy observed for butyl irubber may have 
arisen from failure to secure elastic equilibrium, however. 

Deviations in the values of r from theory probably originate 
largely from over-simplifications in the treatment of the network 
structure. Entanglements of the sort previously discussed (3,4) tend 
to enhance the restraints imposed on the chains when the ri^er is 
elongated. Their percentage effect should be greatest for low degrees 
of cross linking, hence the observed r ’s are higher than theory at low 
degrees of cross linking. “Intra-molecular” cross linkages, yield¬ 
ing short-circuit structures contributing nothing to the elastic reaction 
of the network, should become increasingly important at higher de¬ 
grees of cross linking (3,4). Such wastage of cross linkages may ac¬ 
count for the low values of r obtained for higher p’s. 
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Synopsis 

Natural rubber andGR-S synthetic rubber have been vulcanized 
to varying degrees of cross linking through the use of disazodicar- 
boxylates. These compounds react readily with the above unsaturated 
polymers in a manner which assures the formation of one cross 
linkage for each molecule of the disazo compound. Elastic properties 
of the vulcanizates so produced are similar to those of rubber 
specimens vulcanized in the conventional manner with sulfur and an 
accelerator. Their stress>strain curves deviate from the form 
prescribed by the statistical theory of rubber elasticity in the same 
manner as observed by Gee for siilfur vulcanizates. The equilibrium 
force of retraction at 100% elongation has been measured over a 
30-fold range in the degree of cross linking; equilibrium swelling 
measurements extend over an 80-fold range. The magnitude of the 
force of retraction over most of the range covered agrees remarkably 
well with the e3q)licit predictions of the statistical theory. The 
significance of the deviations which are observed is discussed. 


Resume 

Desechantillonsde caoutchouc naturelet synth4tique (GR-S) ont 
4t6 vulcanises a differents degr^s de pontage, par I’utilisation de 
disazodicarboxylates. Ces con:q)oses reagissent facilement avec les 
polymdresnon-satures, cites ci-dessus, de telle faqon qu’il se forme 
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un poi^t^e pour chaque molecule de compos! disazolque. Les 
proprietors !lastiquesdesvulcanisats ainsi obtenus sont semblables a 
ceuxdesechantillons dOrC^utchouc, vulcanisisde lafaqon habituelle 
avec du soufre et un accelerateur. Leurs courbes tenslon>elongation 
devient de la forme pr!me par la theorie statistique de l*!lasticite 
des caoutchouc, de la meme maniere que pour les vulcanisats au 
soufre, tel que I’a obse^e Gee. La force d’equilibre de contraction 
a 100% d’elongation a et! mesuree dans des variations du degre de 
pontage, vari^de un i 30 fois sa valeur. L’equilibre de gonflement 
a ete mesure sur une serie dont le degre de pontage variait jusqu’ 
a 80 fois. La grandeur de la force de contraction pour tous ces 
echantillons s’accorde remarquablement bien avec les previsions 
e:q[>licites de la theorie statistique. La signification des ecarts 
observes est discut!e. 


Zusammenfassung 

Naturgummi und Buna-S-artiger Kunstgummi wird durch Anwen- 
dung von Disazodicarboxyiaten bis zu verschiedenen Vernetzungs- 
graden vulkanisiert. Diese Verbindungen reagieren leicht mit den 
ungesattigten Polymeren in einer Weise, die die Bildung einer Ver- 
netzung fur jedes Molekiil der Disazoverbindung sicherstellt. Die 
elastischen Eigenschaften der auf diese Weise hergestellten Vulkan- 
isate Sind ahnlich der von Gummiproben, die mit Schwefel und einem 
Beschleuniger konventionell vulkanisiert wurden. Ihre Belastxmgs- 
kurven weichen von den durch die statistische Theorie der Gummi- 
elastizitatgegebenen in derselben Weise wie von Gee fiirSchwefelvul- 
kanisate beobachtet wurde, ab. Die Gleichgewicht-Rueckzieh-kraft bei 
100% Dehnung wurde iiber einen dreissigfachen Bereich des Vernet- 
zungsgrades gemessen. Glelchgewichts-Quellimgsmessungen unafan- 
gen einen 80-fachen Bereich. Die Grosse der Riickziehkraft stimmt 
im Grossteile dieses Bereichs bemerkenswert gut mit den Voraus- 
sagen der statistischen Theorie iiberein. Die Bedeutung der Abweich- 
ungen, die beobachtet wurden, wird erortert. 
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In interpreting the results of investigations o£ the behavior 
of polymer molecules in solution (e.g., sedimentation or diffusion), 
it is of importance to know something of the nature and extent of the 
interaction of the polymer molecules with the surrounding solvent 
molecules. There are two extreme possibilities; 

(1) Each polymer molecule is associated with a definite quantity 
of solvent so tightly bound that it must be considered as part of the 
polymer kinetic unit in solution. 

(2) The polymer and solvent are inert toward each other, col¬ 
lisions between them resulting in only extremely transient encount¬ 
ers. 

More probable than such extremes, however, is some intermediate 
state in which, although solvent-polymer interaction is by no means 
negligible, it caimot be considered permanent. A quantitative estimate 
of these intermediate states for different systems is clearly funda¬ 
mental, but, as yet, information on such questions is very meager. 
Available estimates have, in the main, been based upon x-ray meas¬ 
urements, tq)on results of adsorption*'*"*' measurements in the pres¬ 
ence of organic materials (usually of a ketonic or ester type), and 
upon corresponding thermochemical measurements. Trogus, Tom- 
onari, and Hess (1) studied refractometrically the adsorption of ace¬ 
tone and other ketones by cellulose nitrate (nitrogen content = 13.6%) 
from ketone-ligroin mixtures, and stated that limited acetone ad¬ 
sorption occurred, the higher acetone concentrations giving no in¬ 
creased adsorption. The limiting value was stated to correspond to 
three molecules of acetone per glucose residue, and, in conjunction 
with corresponding x-ray measurements, the work was considered 
strong evidence for the existence of a compound between acetone and 
cellulose nitrate. Kargin and Papkov (2) carried out similar refrac- 
tometric studies on the adsorption by cellulose nitrate of acetone from 
mixtures withpetroleum ether and also concluded that limited adsorp¬ 
tion occurred. The latter workers further measured heats of adsorp- 


*Part I of this series appeared in J. Polymer Sci., 3, 735 (1948). 
tPresent address: Messrs. May and B^er Ltd., Dagenham, Essex. 
♦♦Present address. The Royal Institution, 21 Albemarle St., London 
W.l. 

♦♦♦The term “adsorption” is used throughout to indicate the process by 
which acetone is taken up by cellulose nitrate. It should not, however, 
be inferredthat surface forces alone are responsible for this iq}take. 
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tionand, asstimingthat the partial heat of adsorption did not vary with 
the degree of adsorption, calculated from the total heat of solution the 
extent of adsorptionby cellulose nitrate in solution. They thus deduced 
that, in solution, one molecule of acetone was associated with each 
nitrate group, and considered this result to be evidence of the for¬ 
mation of an addition compound. It has, however, more recently been 
shownby Calvet (3) that the partial heat of adsorption varies consid¬ 
erably with the degree of adsorption, so that Kargin and Papkov’s 
treatment of thermochemical results is not tenable. More recently 
the adsorption of acetone from mixtures with hexane and cyclohexane 
has been studied by Petitpas (4), but no well defined limiting adsorp¬ 
tion was reported in this work. 

The adsorption by cellulose nitrate of acetone from the vapor 
phase has been studied ^ several workers: (McBain and co-workers 
(5); Rubenstein(6); Desmaroux (7); Jenkins and Bennett (8); Matthieu 
(9); and Petitpas (4)); all of whom are in agreement that the isotherm 
is quite continuous, no signs of limiting adsorption occurring. Infi¬ 
nite adsorption is approached as the activity of acetone approaches 
unity. 

Clearly, if acetone is mixed with a liqtiid which is truly inert to 
the celMose nitrate, the acetone uptake at any acetone activity should 
be identical with that from the v{q)or phase at the same activity. The 
limited adsorption from acetone-liquid mixtures reported by several 
workers is incompatible with the continuous vapor phase isotherms 
and needs e7q}laining. 

Several authors have also observed the effect of the adsorption 
of acetone and other liquids on the x-ray diagram of cellulose nitrate, 
although not all agree on the interpretation of the results. Trillat (10) 
castfilmsof cellulose nitrate from solution in acetone and other sol¬ 
vents and took x-ray photographs at different stages of the removal of 
the solvent. Solvent-free films showed a prominent spacing of 7.2 A. 
whatever the solvent used in casting the film, but, in the early stages 
of the removal of the solvent from newly cast films, considerably 
larger spacings were observed, the 7.2 A. spacing being simultane¬ 
ously reduced in intensity. For instance, after heating a film cast 
from acetone solution for 15 minutes at 7(K>C. (the shortest drying 
time which could be used), the maximum spacing observed was 15.1 A. 
another at 9.7 A. also existing clearly. Subsequent eiqperiments on 
the^fectof stretching on the x-ray diagram of films showed that the 
larger spacing corresponded to an interchain distance approximately 
perpendicular to the chain axis. Since the x-ray examination of the 
film could be made only when the latter had sufficient mechanical 
strengthtoberemovedfrom its support and handled, it is not improb¬ 
able that the 15.1 A. spacing is by no means the m^mum interchain 
spacing in a highly solvatedfilm. Trillat attributes the changed char¬ 
acter of the cellulose nitrate diagram on adsorption of acetone to com¬ 
bination by addition. Trogus, Tomonari, and Hess (1) also examined 
cellulose nitrate by x-rays after acetone adsorption from liquid mix¬ 
tures and, in view of the changed diagrams obtained and of the adsorp¬ 
tion results already quoted, concluded that compounds between the pol¬ 
ymer and acetone occurred which could dissolve in the excess acetone. 
On the other hand, Matthieu (9), and Desmaroux and Matthieu (11), on 
the basis of acetone adsorption from the vapor phase and the continu- 
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ously varylngx-ray diagram obtainedfrom cellulose nitrate with vary¬ 
ing acetone content, considered that the interaction was in the nature 
of a solid solution rather than the compound formation favored by Hess 
and co-workers. Petitpas (4), who later continued the stucfy by x-rays 
of the adsorption of acetone and other organic liquids by cellulose ni¬ 
trate fibers, had a similar view of the nature of the interaction. 

Among thermochemical studies on cellulose nitrate that of Cal- 
vet and his collaborators (3) is of great Interest. At low acetone ad¬ 
sorption for cellulose nitrates of 11.5% and 14% nitrogen content, the 
partial heat of adsorption is positive and constant until about 3 mole¬ 
cules of acetone per glucose unit are adsorbed. With increasing adsorp¬ 
tion, the partial heat of adsorption for the cellulose nitrate of lower 
nitrogen content decreases regularly, until at a point corresponding 
to 6 acetone molecules per glucose unit, there is an abrupt change, 
which appears (according to Calvet) to indicate the formation of a 
complex “cellulose nitrate acetonate.” No special interest attaches 
to the points: (a) 1 molecule of acetone per glucose unit; and (b)l mole¬ 
cule of acetone per nitrate group. 

It would therefore appear that thermochemical support is not 
forthcoming for the existence of the cellulose nitrate compounds pos¬ 
tulated from adsorption and x-ray studies. 

Summarizing, there appear to be two main contradictions: 

(a) The adsorption isotherms for a given substance from the 
liquid (mixed with an inert solvent) and vapor phases are different. 

(b) Experimental data has been variously interpreted as indi¬ 
cating both compound formation between cellulose nitrate and acetone 
(or other ketones), and the formation of solid solutions to the exclusion 
of cony)Ound formation. 

Before presenting new e^erimental data on these two apparent 
contradictions, the following comments should be made: 

(1) An adsorption from liquid mixtures different in character 
from the vapor adsorption might readily be explained as arising from 
the fact that the second liquid component is not completely inert to the 
polymer, as suggested by Petitpas (4). According to the particular sys¬ 
tem, this might cause increased or decreased adsorption of the main 
component. 

(2) It would appear that the presence of new, larger spacings in 
solvated films cannot by itself be taken as proof of the existence of 
solvent-polymer compounds. The mere retention of solvents in non- 
stoichiometric proportions by dipolar interactions or other second¬ 
ary forces could lead to increased interchain spacings of the type ob¬ 
served. It seems likely that some of the difficulties arise from a cer¬ 
tain looseness in using the term “compound" to describe the products 
of interaction of cellulose nitrate and acetone. In the strict sense of 
the term, a compound must not only contain its constituents in stoichio¬ 
metric proportions, but must also possess considerably stability. En¬ 
ergetically, this Involves the existence of an energy of activation for 
the dissociation which is considerably greater than the thermal en¬ 
ergy of the molecules and the energy involved in intermolecular 
collisions. In the absence of information of this type, it is scarcely 
justifiable to speak of compounds of cellulose nitrate and acetone. 

The e 3 q)erlmental investigations on the adsorption of acetone by 
cellulose nitrate are considered in three sections: (1) isotherms from 



250 H. CAMPBELL AND P. JOHNSON 

the vaporphase; (2)lsothermsfromtheliquidphase; and (3) compari¬ 
son of vapor and liquid phase isotherms. 

ADSORPTION FROM THE VAPOR PHASE 

The vaporphase adsorption isotherms were obtained by weigh¬ 
ing the cellulose nitrate and the acetone adsorbed at a given vapor 
pressure by means of a McBain and Baker (12) adsorption balance, in 
which the extension of a quartz sfpring, observed by a travelling micro¬ 
scope, was used to measure the weight directly. This method elimin¬ 
ates any errors due to absorption of acetone on other parts of the ap¬ 
paratus, such as greased stopcocks. About 0.25 g. cellulose nitrate 
was used, and an adsorption of 0.00005 g. acetone could be measured. 
The vessel in which the adsorption balance was hung was thermostatted 
to tO.Ol^C. The remainder of the apparatus was kept at aten^erature 
about S^’C. above that of the thermostat to prevent acetone condensing 
o\it. The whole apparatus could be evacuated by a mercury diffusion 
pump. Acetone, which had been dried over anhydrous potassium car¬ 
bonate and then distilled, was degassed and fractionated under vacuum 
conditions, only the middle third being used. After being placed in the 
apparatus, the cellulose nitrate was evacuated for at least 24 hours, 
although there was generally no detectable change in weight over 30 
minutes. 

Sufficient acetone vapor was allowed to enter the adsorption ves¬ 
sel and the tqitake of acetone was measured at intervals until equi¬ 
librium was reached. The time required d^ended \q>on the physical 
state of the sample of cellulose nitrate but was never more than 10 
hours. This procedure was repeated with further doses of acetone. 
Points on the isotherm during desorption were obtained by a similar 
procedure after removing some acetone by condensing it outside the 
adsorption vessel. 

Isotherms for adsorption and desorption are given in Figure 1 
and are the same within the limits of experimental error. This agree¬ 
ment could only be obtained if the desorption was carried out extreme¬ 
ly slowly. If the acetone pressure were rapidly decreased, a pseudo¬ 
equilibrium state (e.g., point A of Figure 1) was reached which showed 
no decrease in the quantity of acetone adsorbed at constant acetone 
pressure over aperiod of 5 days. When removed from the apparatus, 
the complex of cellulose nitrate and acetone consisted of a hard, horny 
outside layer while the inside was still a soft gel containing consider¬ 
able acetone. Ittq)pears, therefore, that the large values of adsorbed 
acetone obtained during rapid desoiption are not true equilibria but 
are due to the production of a hard, coherent surface structure through 
which acetone diffuses only extremely slowly. 

The isotherms (Fig. l)forafiber and a reprecipitated cellulose 
nitrate are identical, which shows that they do not depend iq)onthe 
physical state and hence upon the crystalline-amorphous ratio of the 
cellulose nitrate. It would appear, therefore, that acetone must react 
with individual cellulose nitrate molecules, rather than merely with 
the external surface of crystallites or micelles. 

Many authors, includingjenkins and Bennett (8), have shown that 
the uptake of acetone by cellulose nitrate is virtually independent of its 
average molecular weight (as measured by the ^ecific viscosity) up 
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to about 10 moles of acetone per glucose residue, but there is not such 
complete agreement about the effect of the nitrogen content on adsorp¬ 
tion. JenklnsandBennet(8)andHubenstein(6)measuredthe gas phase 

adsorption at <me activity only for cellulose nitrates of nitrogen con¬ 
tents above 10% and found that there was some variation, a maximum 
occurring at about 12% nitrogen content. On the other hand, Desmaroux 
(7) and, more recently, Petitpas (4) determining complete Isotherms, 
have shown that these are identical for cellulose nitrates with two and 
three nitrate gro\q)sper glucose residue. These results are not nec¬ 
essarily contradictory, since, if there is a maximum, cellulose ni¬ 
trates of different nitrogen contents may have similar isotherms. 
Gas phase isotherms for a wide range of nitrogen contents are given 
in Figure 2. The adsorption of acetone is limited in extent for the 



Fig. i. Vapor phase isotherm at 20°C. for a cellulose 
nitrate of 12.22 nitrogen content. • Increasing ad¬ 
sorption (cellulose nitrate fiber); ■ decreasing ad¬ 
sorption (cellulose nitrate fiber); x increasing ad¬ 
sorption (reprecipltated cellulose nitrate). 

cellulose nitrate of 5.3% nitrogen content, which is insoluble in ace¬ 
tone, and, possibly — at a much larger molar ratio of acetone to glu¬ 
cose residues—for the cellulose nitrate of 10.1% nitrogen content, 
which is also not completely soluble. There was no limit to the ad¬ 
sorption of acetone by the other cellulose nitrates, and their isotherms 
showed no discontinuities to molar ratios of about 8. Apart from 
a deviation by the 10.1% nitrogen isotherm at small acetone activities, 
which may be due to ejqperimental error, at any given activity there 
is a steady increase in the quantity of acetone adsorbed with increas¬ 
ing nitrogen content up to abo\it 12%, and then a small decrease. The 
continuous nature of these results, which are in good quantitative a- 
greementwiththose of the authors quoted above, is in accordance with 
the view that acetone is adsorbed by virtue of dipolar interaction or 




252 


H. CAMPBELL AND P. JOHNSON 



ACETONE ACTIVITY 

Fig. 2. Vapor ptipse Isotheras at 20°C. for cellulose 
nitrates of different nitrogen contents. (O) 

(■) 10.ij; (A) 11.2*; (X) 12.2X: (•) 13.7X. 

other nonchemicalbon^ngforcesinvolvingthe presence of the nitrate 
groups. It appears that above 12% nitrogen content the nitrate gproups 
interfere with each other so as to decrease slightly the strength of the 
forces responsible for adsorption. 

ADSORPTION FROM THE LIQUID PHASE 

The inert component of the liquid mixture from which acetone 
is to be adsorbed should have the following four main properties: (a) 
It should mix in all proportions with acetone, (b) It should give, when 
mixed with acetone, solutions obeying Raoult’s law. (c) It should not 
be adsorbed, dissolve, or otherwise effect cellulose nitrate, (d) It 
should permit easy analysis. 

It is doubtful if any liquid possesses all these properties. If the 
first requirement is not fulfilled, it follows that the partial vapor 
pressure of acetone, andhenceits activity, is not a smooth continuous 
function of the composition of the mixture. It is clearly an advantage 
if the mixture is ideal so that such pressures may be calculated from 
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Raoult’slaw. The third condition Is the most Important, since at best 
it is a matter of considerable difficulty to work out the characteristics 
of the adsorption of a pure component from that of a mixture with an¬ 
other. 

It was shown (McBain and co-workers (5)) that petroleum ether 
used by some other workers, is adsorbed only to a very small ex¬ 
tent. Accordingly, the petroleum ether fraction boi lin g atl00-120OC, 
which at normal temperatures is miscible in all proportions with ace¬ 
tone, has been chosen as inert solvent. The existence of deviations 
from ideal behavior, however, is indicated by the separation of the 
mixture below about -250C. intotwo distinct layers. These deviations 
are later considered in more detail. Although acetone is strongly ad- 
sorbedfrom such mixtures by cellulose nitrate, under the conditions 
used in this work there is no appreciable solution of the polymer in 
mixtures containing up to 40% by weight of acetone (i.e., up to activi¬ 
ties of about 0.8). 


Materials 

A sample of good commerical petroleum ether (100-125OC) was 
purified by shaking repeatedly with concentrated sulfuric acid, wash¬ 
ing thoroughly, drying, and distilling. Comparison of the results ob¬ 
tained with this sample and with the original commerical material 
showed no differences and the commerical material was, therefore, 
used for most eiqperiments. The acetone, containing not more than 
0.5% of water, was not specially purified. Since vapor phase adsorption 
measurements (Fig. 2) prove that differences in the nitrogen content 
above about 11% did not seriously affect the isotherm, only one 
cellulose nitrate (12.2% nitrogen content), derived from a paper 
cellulose, was used. This cellulose nitrate, which was quite free 
from acid and had a very low ash content, was pumped out for several 
days in a vacuum desiccator and stored in stoppered bottles. Freshly 
dried cellulose nitrate did not behave differently from that which had 
been stored for several weeks after drying. 

E7q>erimental 

A simplified form of the method of adsorption analysis (a modi¬ 
fication of chromatography) described by Tiselius (13) has been used 
in studying the adsorption of acetone from mixtures with petroleum 
ether. Only adsorption cells in the form of cylindrical U-tubes have 
been used in the work described here, but the apparatus and the ac¬ 
curacy of the measurements could be considerably improved. In a 
convenient form of the ^paratus, shown in Figure 3, a buret tube (A) 
and a length of glass tubing (B) of approximately the same internal 
diameter form the two arms of a U-tube and are joined at the base 
by narrower tubing. Just inside the latter below A is a sintered glass 
disk (D),\q)onwhich a weighed amount of the cellulose nitrate is pack¬ 
ed firmly giving a plug (N) with a smooth horizontal upper surface. 
Before introducing the liquid mixtures from the t^ funnel (F), the 
whole tube is evacuated on a good water pump through the tube (P) 
leading to both arms A and B, P and F being firmly supported by well 
fitting rubber bungs. In this way turbulence in the liquid column in A 
due to the dislodging of air bubbles in the plug (N) and air locking are 
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avoided. When the tube has been well evacuated, the punqp connection 
is closed by the screw clip (S) and sufficient liquid mixture is run into 
the tube from F to wet the whole of the cellulose nitrate plug. The 
screw clip may now be opened, putting both sides of the tube into com¬ 
munication with the atmosphere. The whole aiqparatus is placed in a 
thermostat and allowed to equilibrate for at least 15 minutes. Liquid 
mixture is then run very slowly into tube B from F, being controlled 
by acapillary leak (L) mounted on F, to give a head sufficient to force 
liquid through N at a rate of about 5 cc. per hour. The head in B nec¬ 
essary to give this flow rate depends iqpon the nature of the material, 
the density of packing, and len^h of the plug. 

Under such concUtions it is found eiqperlmentally (from refrac¬ 
tive index measurements on liquid removed by a microsyringe) that 
the liquid first passing through N is pure petroleum ether, the ace¬ 
tone having been removed by adsorption on the cellulose nitrate (see 
Table I). m 



* ^ . 


Fig. 3. Apparatus for liquid 
phase adsorption analysis. 



When under the conditions of the experiment the cellulose nitrate be¬ 
comes saturated with acetone, then unchanged liquid mixture passes 
through andaboundary, at which there is an abriqit change of refrac¬ 
tive index, occurs between the pure petroleum ether and the unchanged 
mixture. The sharpness of this boundary determines the accuracy of 
measurement of the volume of liquid from which acetone has been re¬ 
moved. The composition of the original mixture being known, this 
retardation volume, as it has been termed by Tiselius (13), gives a 
measure of the total volume of acetone adsorbed by the weighed cel¬ 
lulose nitrate plug. 

Obseiwation of the position and character at the boundary be¬ 
tween the petroleum ether and the mixture may be performed by any 
method utilizing changes in refractive index (Svedberg and Pedersen 
(14). In the present work, the diagonal schlieren optical method was 
used (Philpot (15), Svedberg andPedersen (14), Alexander and Johnson 
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(16^. On a photograph of the limb A over the boundary region, the 
boundary appears as apeak (Fig. 4) consisting of a plot of the gradient 
(dn/dx) of refractive index (n) alongthe length (x) of the limb A. As in 
bo^ the ultracentrifugal and electrophoretic methods the position of 
the boundary is taken at the x value corresponding to the maximum 

TifflIiB I. Befraotlve Indices (- 0 . 0002 ) of Pure Componeiits, 

Original Mixture, and Liquid above Boundary 


Ccaiqposition of original mixture, 

cc, acetone /100 cc. 20 10 

Refractive index of 


( 1 ) Original petroleum ether*. , 

. 1.4082 

1.4092 

( 2 ) Original acetone*. 

. 1.3608 

1.3579 

( 3 ) Original mixture. 

. 1.3972 

1.4041 

( 4 ) Liquid above boundary. . . . 

. 1.4078 

1.4087 


•Differences in the refractive indices of petroleum ether and 
acetone are to be attributed partly to teinperature differences 
and partly some variation in the punity of the liquids. 


value of dn/dx. Error is introduced here if the peak is not sharp or 
is very asymmetrical. Since photographs of A show the horizontal buret 
graduations, a direct reading of the retradation volume can be made 
from them. Further, for a given optical setting (principally of the 
angle between the schlieren edge and the horizontal), the area of the 



Edg* Angl* 25* 30* 

Fig. 4 . Photographs of boundary caused by acetone ad¬ 
sorption fron acetone-petroleun ether mixture (20 cc. 
acetone pec lOO cc. aixture). 

peak is proportional tothe total refractive index change at the bounda¬ 
ry and this property can be utilized, as illustrated in Table II, to show 
the completeness of the adsorption from the liquid first emerging 
from the plug. To make quantitative use of this feature, however, it 
is necessary to make careful correction for irregularities in the base 
line of the peak. 
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TABIS II. Schlleren Arecui 


Acetone concentration., 

cc./lOO oc. 5 10 20 

Corrected schlleren area. . . 0.29 O.58 0.92 


DISCUSSION OF BOUNDARY FORMATION 

At first sight it may appear strai^e that a sharp boundary be¬ 
tween pure petroleum ether and imchanged mixture should appear rath¬ 
er than a steady increase in acetone concentration extending through¬ 
out the column of liquid which has passed through the plug. It should, 
however, be realized that the conditions for the formation of such a 
boundary are quite stringent and by no means realized with all sys¬ 
tems. Of obvious importance are the following: 

(1) Adsorption of the active component from the liquid mixture 
must occur rapidly. 

(2) The rate of flow of liquid through the plug should be small 
and the plug tightly and evenly packed. 

(3) The liquid above the boundary should be less dense than be¬ 
low. 

(4) Observation of the boundary should not disturb it and should 
be made as soon as possible after its formation. 

(5) Thermostatting is requiredto prevent large thermal disturb¬ 
ances, and freedom from mechanical shock is essential. 

If these requirements are fulfilled, any small volume of liquid 
may be considered at any instant to be in equilibrium with the material 
of the plug with which it is in contact. Further, since owing to the 
close packed nature of the plug quite small volumes of liquid are as¬ 
sociated with relatively large masses of cellulose nitrate, in the liquid 
passing through the plug the acetone concentration decreases rapidly 
withthe length of plug traversed, reaching zero in quite short lengths. 

It is convenient to consider three regions in the cellulose nitrate 
plug during flow (see Fig. 5). Region A is \maltered absorbent which 
initially, of course, extends throughout the plug. When the first small 
amount of liquid mixture enters the column, acetone is most rapidly 
adsorbed in the bottom layers, but corresponding with the decrease 
in acetone content as it flows upward the acetone iq>take rapidly de¬ 
creases with height. The regionB,in which there is a rapid decrease 
of acetone adsorption with height, thus occurs at the bottom <A the col¬ 
umn as flow begins. With further flow the acetone uptake in the bottom 
layers increases gradually up to the equilibrium value corresponding 
to the acetone concentration of the original liquid mixture (region C) 
and although further flow caimot effect the acetone adsorption in these 
layers the extent of this region increases in height with flow (Fig. 5, 
n). Region B occurs above region C, however, but with the movement 
upward of the latter, region B is pushed ahead until finally region A 
(unchained pli^) has entirely disappeared (Fig. 5, m). 

During the whole of this process acetone has been completely 
removed by the column and unchanged petroleum ether has emerged 
from the ^per end. However, with the disappearance of region A, 
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petroleum ether containing only a small quantity of acetone now e- 
merges and the boundary begins to form In the liquid column. With 
further flow, region C migrates still higher, the concentration of ace¬ 
tone in any given layer in region B increases, the acetone concen¬ 
tration in the emer^ng liquid increasing correspondingly. Finally, 
as region B disappears, unchanged petroleum ether-acetone mixture 
emerges. Therdore,evenif conditions Ito 5 above are obeyed com¬ 
pletely, a perfectly sharp boundary in the liquid column is not to be 
expected. It would appear theoretically* that two main factors (other 
than conditions 1 to 5) contribute to the sharpness of the boundary: 

(6) The steepness of the slope of the adsorption isotherm. 

(7) A large amount of solid in equilibrium with a given amount 
of liquid in any layer of the plug. 

Only if the slc^e of the adsorption isotherm were infinite could 
be perfectly sharp boundary be obtained. 


Fig. 5. Dlagraa Illustrating 
the foraatlon of the boundary s 
In the liquid coluan. 



To measure retardation volumes with accuracy, it is necessary 
that the boundary be sharp and it is advantageous if the curve of dc/dx 
(or dn/dx) v. x be symmetrical about the maximum value of dc/dx, 
where c is the concentration (and n the refractive index). It would be 
of great value in assessing the possibilities of the method if a system¬ 
atic experimental study of the conditions required for the formation of 
a sharp boundary could be made. It has, for instance, been found that 
mixtures of petroleum ether and acetone flowing over cellulose acetate 
do not produce boundaries as sharp as over cellulose nitrate. This is 
most probably due to a flatter isotherm for acetone adsorption by cel¬ 
lulose acetate. 

VERIFICATION OF EQUILIBRIUM NATURE OF ADSORPTION 

It is essential to show that these adsorption analysis results 
really do refer to equilibrium states. If well pressed down, the cel¬ 
lulose nitrate plug and the liquid mixture flowing through it come into 
very intimate contact, so that liquid impoverished in acetone is con- 


*See, however. Dole and Klotz (17), who for the sorption of gas from 
a flowing stream, state, without proof, that the adsorption wave should 
have a square wave front. Publication of the present paper was de¬ 
layed by (dficial regulations and it was complete before the work of 
Dole and Klotz became available. 
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tlnually replaced by unaltered mixture. It would, therefore, seem 
probable that equilibrium should be more rsq>idly attained by this me¬ 
thod than by the more usual static techniques which rely on adsor¬ 
bate replacement by diffusion. 

As has alreatty been stated, only slow rates of liquid flow were 
employed and, with varying length of plug and rates of flow (i.e.,vary- 


TABIZ III. Effect of Liquid Flow Bate and Length of Plug on 
Adsorption 


Acetone 
concentration, 
cc./lOO cc. 
of mixture 

Weight of 
cellulose 
nitrate, g. 

Betardation 
volume, cc. 

Acetone 

adsorbed, 

cc./g. 

Approx• rate of 
flow, cc./hour 

20 

1.06 

2.54 

0.60 

- 


1.12 

2.54 

0.57 

- 


1.30 

3.25 

0.65 

- 


1.58 

3.51 

0.56 

- 


1.89 

4.80 

0.64 

Ik 


3.5'+ 

9.47 

0.66 

28 


4.78 

11.2 

0.59 

27 

10 

0.622 

3.1 

0.50 

9 


0.777 

4.04 

0.52 

8 


1.U5 

5.02 

0.45 

- 


1.125 

5.02 

0.45 

- 


1.339 

6.21 

0.47 

19 


1.350 

6.3 

0.47 

8 


1.401 

6.62 

0.48 

15 


2.608 

11.6 

0.45 

14 


ing times of contact of liquid and solid), no systematic trends in the 
amount of acetone adsorption have been noted. Table m illustrates 
these points for two acetone mixtures with petroleum ether. Rates 
of flow here were made deliberately greater than those general- 



Flg. 6. Apparatus for the leas* 
ureuent of vapor pressure. 




ly used. The following more direct test has also been used. To a 
weighed amount of cellulose nitrate in the vessel V connected to the 
mercury manometer M and the tap T (Fig. 6), a known volume of a 
mixture of acetone and inert low vapor pressure solvent (decalin) 
was added. The solid and liquid were thoroughly degassed by 
alternately evacuating with a Hyvac pump while frozen in liquid air 
and melting to release dissolved air. The vapor pressure (largely of 
acetone) at 20°C. was observed immediately after the final degassing. 
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and no alternationsinthis value occurred with time. It was concluded 
therefore that by the time the first vapor pressure measurement was 
made (approximately one hour from first contact of cellulose nitrate 
and acetone solution), equilibrium had been established. Since this 
time is considerably shorter than that of an adsorption eiqperiment and 
also in view of the observation that the degree of adsorption is in¬ 
dependent of the length of plug and of the flow rate, the results ob- 
tainedwith the dynamic apparatus were accepted as referring to ad¬ 
sorption equilibrium. 


Results 

For each acetone concentration the volume of acetone adsorbed 
by 1 g. cellulose nitrate was determined, the mean of several obser¬ 
vations under different conditions of flow rate and plug length being 
used to calculate the isotherm of Figure 7. The acetone concentra¬ 
tions varied from 2.5 to 20 cc. per 100 cc. of mixturewith petrole¬ 
um ether. At the lowest acetone concentrations, where the refrac¬ 
tive index difference across the boundary was small and adsorption 
feeble, experimental accuracy was not great. Owing probably to the 
very small swelling of the cellulose nitrate plug under these condi¬ 
tions, smaller rates of flow than at higher acetone concentrations 
were found advantageous. Certainly at all other acetone concentrations 
(i.e., between 5 and 15 cc. per 100 cc.) except the highest, comparatively 
large flow rates were possible. At 20 cc. of acetone per 100 cc.,the 
needfor slower rates of flow was essential with the higher and looser 
acetone binding. 



tures with petroleua ether by cellulose nitrate of 
12.22 nitrogen content. (•) Liquid phase results; 

(X) Vapor phase results froi Figure 1. 

In spite of these difficulties and an accurracy admittedly lower 
than in the vapor phase adsorption, the isotherm of Figure 7 is at 
least superficially very similar to those of Kargin and Papkov (2) and 
of Trogus, Tomonari, and Hess (1). 

COMPARISON WITH VAPOR PHASE ADSORPTION 

In order to compare liquid with vapor phase isotherms, it was 
necessary to determine the partial pressure of acetone as a function 
of concentration of the liquid mixture. Total vapor pressures of the 
mixtures were determined in the apparatus already described (Fig. 
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6). A suitable volume ot each mixture was introduced into V and de¬ 
gassed as previously on a Hyvac p\imp until on freezing in liquid air 
no pressure was Indicated on the manometer. The equilibrium vapor 
pressure at 20OC. for the mixture was then recorded. Figure 8 gives 
these total vapor pressures against volume concentrations of acetone. 
On the same diagram are shown the partial pressures of acetone cal- 



Flg. 8. Vapor pressure curves at 20°c. for mixtures 
of acetone and petroleum ether (b.p. 100>120 C.): 

( 0 ) total pressure (experimental); (a) partial pres¬ 
sure of acetone calculated assuming petroleum ether 
obeys Raoult's la«; (A) partial pressure of acetone 
assuming acetone obeys Raoult’s law. 

culated on the assumptions that (a) petroleum ether obeys Raoult’s 
law; and (b) acetone obeys Raoult’s law. 

In view of the smallness of the vapor pressure of the petroleum ether 
and also the fact (Hildebrand (18)) that the almost pure component of 
a mixture generally obeys Raoult’s law well, the first assumption 
may be safely accepted. 

It is ^parent from the total and acetone vapor pressure curves 
that large positive deviations from Raoult’s law occur over the whole 
concentration range covered. The small e:q>ansion on mixing acetone 
and petroleum ether and the partial miscibility of these liquids below 
-25°C. is a further indication of the presence of such deviations. As 
a result, the rate of increase of the partial pressure of acetone with 
volume concentration is much smaller at higher than at lower con¬ 
centrations. This leads to an apparent saturation V£q>or pressure of 
acetone at its higher concentrations, which is clearly responsible for 
the so-called limited acetone adsorption observed by Trogus, Tom- 
onari, and Hess (1) and by Kargin and Papkov (2). 

Thus, if the datafor the vapor phase adsorption (Fig. 1) is plotted 
on Figure 7 by using the acetone partial pressure-concentration re¬ 
lation shown in Figure 8, the crosses shown in Figure 7 are obtained. 
When the nature of the experimental errors in the liquid phase ad¬ 
sorption are considered, as well as the ^proximations involved in 
deducing the acetone partial v^or pre'<sure, the agreement with the 
liquid phase adsorption is surprisingly good and it is considered that 
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within the limits of eiqperimental error adsorption from the vapor 
phase and the liquid mixtures described are Identical. The apparent 
limited adsorption of acetone by cellulose nitrate from mixtures of 
acetone and petroleum ether, which has been used by several authors 
as abasis of argument for the existence of compounds of acetone with 
cellulose nitrate, is thus spurious. The adsorption from such mix¬ 
tures is essentially the same as that from the vapor phase, which, 
rather than possessing a limiting value, approaches infinity (for soluble 
cellulose nitrates) as the v£q)or pressure of pure acetone is reached. 
No indication of compound formation can therefore be deduced from 
this isotherm. 

Further, it is clearly untenable to attempt to deduce the degree 
of solvation of cellulose nitrate dissolved in pure acetone by extra¬ 
polation procedures based on results from dilute swelling mixtures 
of acetone in petroleum ether or other inert solvent. 

It should be mentioned here that though Petitpas (4), using dif¬ 
ferent e^qperimental methods, has not observed limits of adsorption 
for acetone-hexane mixtures, she claims that adsorptions from this 
mixture and from the vapor phase are somewhat different, the dif¬ 
ference being attributed to the noninert character of hexane. This is, 
however, difficultto reconcile with the very low adsorption of hexane 
shown by McBain and co-workers (5). 
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Synqpsis 

The discr^ancies in the published work on the interaction of 
acetone and cellulose nitrate are discussed and explained. Vapor 
phase adsorption isotherms for the adsorption of acetone by cellulose 
nitrate have been determined with an adsorption balance. They have 
been shown to be independent of the crystalline-amorphous ratio of 
the polymer but dependent upon its nitrogen content. In cellulose 
nitrates which are completely soluble in acetone, no limiting adsorp- 
tion has beenfound. Adsorption analysis (a modification of chromato¬ 
graphy) has been applied to the determination of the liquid phase 
adsorption by cellulose nitrate of acetone from mixtures with petro¬ 
leum ether. In terms of the liquid mixture concentrations, there 
appears to be limited adsorption, but this is shown to be due to the 
nonideal nature of the solutions of acetone and petroleum ether. When 
allowance is made for this, the liquid and vapor phase isotherms are 
the same within experimental error and do not support the existence 
of compounds of acetone and cellulose nitrate. 


Resum6 

Les discordances, que presentent les publications concernant 
I’interaction de I’acitone et la nitrocellulose, sont soumises a dis¬ 
cussion et inteipr^^es. Les Isothermes d’adsorption de la phase 
vapeur par adsorption de I’ac^one par la nitrocellulose ont ete 
d^terminees ^ la balance d'adsorption. Ces isothermes d’adsorption 
sont indipendantes du rapport 4tat cristallin/^at amorphe du poly- 
mere, mais par centre, sont fonction de la teneur en azote. Les 
esters cellulosiques nitres, entierement solubles dans l*ac4tone, ne 
presentent pas de limites d’adsorption. L’analyse par adsorption 
(une modification de la chromatographie) aetlappllqueea la determin¬ 
ation de I’adsorption de la phase liquide (acetonique) par la nitro¬ 
cellulose au depart de m§langes avec I’ether de pitrole. En rapport 
avec les concentrations du melange liquide, il semble y avoir une 
limite d’adsorption; cet effet, toutefois, est du k la nature de I’etat 
non-ideal des solutions acetone-ether depetrole. Si ontient compte de 
cette correction, les isothermes desorption de laphase liquide et vap¬ 
eur sont les mSmesaux erreurs d’e:q>eriences pres, et ne permettent 
pas de supposer I’existence de conq)Oses acetone-nitrocellulose. 


Zusammenfassung 

Die Verschiedenheiten in veroffentlichten Arbeiten iiber die 
Wirkung von Azeton auf Cellulosenitrat werden erortert und erklart. 
Mittels einer Adsorptionswage wurden Adsorptions-Isotherme der 
Azeton Adsorption durch Cellulosenitrat festgestellt. Sie waren 
unabhegigvondenVerhaltnisskrystallinischerund amorpher Masse, 
aber waren von den Stickstoffgehalt abhangig. In Cellulosenitrat das 
in Azeton ganzlich loslich ist wurde kein Grenzwert der Adsorption 
g^unden. Die Adsorptions-Analyse (eineModifikation der Chromato- 
gr£q)hie) wurde augewandt zur Bestimmung der Adsorption in der 
flussigen Phase von Azeton ausMischungenmit Petroleumather durch 
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Cellulosenitrat. Mit Bezug auf die Konzentration der Flussigkeits- 
Gemische scheint elne Grenz-Adsorption zu bestehen, aber es wird 
gezeigtdassdieseine Folge der unidealen Eigenschaften von Azeton- 
Petroleumather Mischungen 1st. Wenn darauf Riicksicht genommen 
wird, Sind die flQssigen und Gas>Phase Isotherme innerhalb experi- 
mentaller Irrtums gleich und unterstiitzen nicht die Existenz von 
Verbindungen zwischen Azeton und Cellulosenitrat. 
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Copolymers of 1,3-Butadiene 
and 2,3-Dimethyl-l,3-butadiene* ** 

C. S. MARVEL and JACK L. R. WILLIAMS, Noyes Chemical 
Laboratory, University of Illinois, Urbana, Illinois 


Polymers of 2,3-dimethyl-l ,3-butadiene were prepared and used 
as rubber substitutes many years ago (1). In general they were more 
like plastics than like a rubber and for this reason were not continued 
in commercial competition with natural rubber. It seemed possible 
that substitution of 2,3-dlmethyl-l,3-butadlene for styrene in GR-S 
type polymers might lead to products which would have interesting 
properties. This manuscript reports studies on the rates of copoly¬ 
merization with butadiene, the extent of 1,2 and 1,4 addition of the mo- 
omers, and the intrinsic viscosity and solubility of the copolymers. 

The 2,3-dimethyl-1,3-butadiene was furnished by the General 
Chemical Company and purified by distillation for most of these ex¬ 
periments. It was noted that 2,3-dimethyl-l,3-butadiene required 
very little modifier in the GR-S polymerization system (2), and hence 
it was necessary to decrease the amount of OEI used in the recipe 
in order to obtain polymers of fairly high molecular weight. This low 
modifier requirement was also noted in the 2-all^ 1-1,3-butadiene 
series (3) of polymers; some examples are reported here (see Table 
in). Purification of 2,3-dimethyl-l,3-butadiene through the cyclicsul- 
f one by the procedure previously reported by Craig (4) gave a sample 
of diene which polymerized faster and to a higher conversion than did 
the sample of distilled diene, but no important differences in the poly¬ 
mers were apparent. 

Copolymers of 1,3-butadiene and 2,3-dimethyl-l,3-butadiene 
prepared in the mutual recipe were examined for the percentage of ex¬ 
ternal and internal double bonds by perbenzoic acid titration.’^* It is 
of interest to note that 2,3-dimethyl- i,3-butadiene gives a polymer con¬ 
taining 15%ol 1,2 units and 85% of 1,4 units, whereas butadiene gives 
the ratio 22 to 78%. The copolymers show values in between these ex¬ 
tremes (see Table 1). 

Attempts to determine the composition of the polymerof 2,3-di¬ 
methyl-1,3-butadiene by C-methyl determinations according to the 
method of R. Kuhn and H. Roth as described by Pregl and Grant (5) 
gave only 56% of the calculated C-methyl value. No method, there- 


*This investigation was carried out imder the sponsorship of the Of¬ 
fice of Rubber Reserve, Reconstruction Finance Corporation, in con¬ 
nection with the Government Synthetic Rubber Program. 

**We are indebted to Professor 1. M. Kolthoff and Dr. T. S. Lee for 
these values and permission to include them in this manuscript. 
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fore, was available to determine accurately the composition of the co¬ 
polymer, and the above calculations are based on the assumption that 
the copolymer composition is near that of the monomer composition 
of the polymerizing mixture. 

TiBlE I. Internal and Ertemal Double Banda In 1,3-Butadiene - 2,3- 
Diinethyl-l,3-butadiene Copolynier 


Buta¬ 

diene, 

2,3-Di¬ 
methyl - 
l,3“'buta- 
diene, 

M 

2,3-Dimethyl- 
1,3 “butadiene 

Butadiene 

Internal 

double 

bonds 

External 

double 

bonds 

Internal 

double 

bonds 

External 

doable 

bonds 

0 

100 

0.66 

85 

15 

0 

0 

25 

75 

0.73 

52 

23 

15 

10 

50 

50 

0,87 

32 

18 

39 

11 

75 

25 

1.46 

16 

9 

60 

15 

100 

0 

1.95 

0 

0 

78 

22 


Time-conversion studies show that 2,3-dimethyl-l,3-butadiene 
requiresalongertimetogivelOO%conversionthan does 1,3-butadiene 
intheGR-Stype system. Replacement of 25% of 1,3-butadiene by that 
amount of 2,3-dlmethyl-l,3-butadiene slows down the polymerization 
to about the same extent as does complete replacement. Some varia¬ 
tions in different runs are apparent, and this appears to be due to dif¬ 
ferences in the induction period. 

EXPERIMENTAL 

The 2,3-dimethyl-l,3-butadiene used boiled at 67.5-680C.; njp 
1.4360. The material, purified through the cyclic sulfone, boiled at 
67.5-680 andhadnJP = 1.4390. The 1,3-butadlene used in these ex¬ 
periments was Phillips Petroleum Company research grade. 

Polymerization of 2,3-Dimethyl-l,3-butadiene 

In cases where 2,3-dimethyl-l,3-butadiene alone was poly¬ 
merized the GR-S procedures (2) for charging, polymerizing, and 
working up of the polymer were used. The results are summarized 
in Tables n and m. 

Copolymerization of 2,3-Dimethyl-l,3-butadiene 
with Butadiene 

Charging . In cases where mixtures of monomers were used a 
special charging procedure was followed. The soap-water solution 
and potassium persulfate were placed in the polymerization bottles in 
the usual manner, after which the appropriate quantities of butadiene 
were added and the bottles securely capped. They were placed in a 
methanol both and slowly cooled to the vicinity oi -30° by the addi¬ 
tion of Dry Ice to the methanol. The bottles were then carefully open- 
edoneat a time and the appropriate weight of 2,3-dimethyl-l,3-buta- 
diene which contained the required amount of mercaptan was added. 
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^This sair5>le of diene was purified through the cyclic sulfone. 
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These bottles alter being recapped were placed In an lce>water bath 
while the remaining bottles were charged. 

Poly merization. All of the bottles were allowed to stand at room 
tompftraturefor one hour and were then placed In a pan of water; the 
temperature was slowly raised to 40° over the course of three-quar¬ 
ters of an hour, at which time the soap gels had softened. The bottles 
were shaken vigorously and placed in the 50® polymerization bath for 
the required polymerization time. The latices were coagulated with 
TABLE III. Modifier Hoqulremants in Polymerization of Substituted 
1,3-Butadienes 


Modifier 

(OKI) 

Parts per 100 
Diene diene 

Time, 

hours 

Canversion, 

Intrinsic 
viscosity, 
it h] 

Butadiene 

0.50 

15 

75 

2.27 

Isoprene* 

0.30 

15 

75 

1.15 

2,3-Diinethyl-l,3- 

0.05 

19 

56 

0.60 

butadiene 





2,3-Dimethyl-l,3- 

0.01 

18 

68.5 

2.40 

butadiene 





2,3-DiBethyl-l,3- 

0,05 

19 

86.5 

1.97 

butadiene® 





2 -Ethyl-l,3-'buta- 

0.10 

24 

87.5 

1.16 

diene 





2-n-ADayl-l,3-'buta- 

0.10 

40 

64.0 

1.40 

diene 





2 -Isopropyl-1,3- 

0.20 

26 

72.5 

1.62 

butadiene 





^Indicates dienes purified through the cyclic sulfonee 

TABLE IV. Copolymerization of 2,3-Dimethyl-1,3-butadiene vith 

Butadiene 









Intrinsic 

Time, 



Static 

viscosity, 

Butadiene, $ hours 

Conversion, 

$ solubility, ^ 

[n] 

0 21 

60 


100 

0.66 

0 21 

59 


100 

0.65 

25 16 

59 


100 

0.73 

25 16 

60 


100 

0.87 

50 15 

62 


100 

1.06 

50 14 

60 


100 

1.01 

75 14 

62 


100 

1.46 

75 14 

62 


100 

1.40 

100 13 

61 


100 

1.95 

100 13 

50 


100 

1.79 
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(Table V continued on next page) 
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brine-acid soluUon after the addition and dispersion of 5 ml. of a 3 % 
phenyl-iS-naphthylamine suspension. The polymers were washed with 
water and dried in an oven at 80° for twenty-four hours, during which 
time they were redivided several times to facilitate removal of the 
monomers and moisture. The results are summarized in Table IV. 

Determination of C“Methyl Groups in Polymers of 2,3-Dimeth- 
yl-1,3-butadiene. The analyses of polymers of 2.3-dimethyl-L3-buta- 
^ene for C-methyl grotq>s was attempted since it was believed that 
their determination would serve as a method of evaluation of the num¬ 
ber of ^,3-dimethyl-l,3-butadiene imits in copolymers with butadiene. 
In order to test this method, samples of poly-2,3-dimethyl-l,3-buta- 
diene were submitted for C-methyl determination by the method of 
Kuhn and Roth as described by Pregl and Grant (5). 


Following are the results for a sample of poly-2,3-dimethyl- 

1 , 3 -butadiene.* 

Analysis: Calculated for CI^, 35.90 
Found for CH 3 , 20.35 


Time-Conversion Study of a Copolymerization of Butadiene and 2,3- 

Dimethyl-1,3-butadiene 

The emulsion copolymerization of butadiene with 2,3-dimethyl- 

1 . 3 - butadiene was carried out by using various ratios of butadiene and 

2 . 3 - dimethyl-l, 3 -butadiene in the mutual recipe. 

Standard 4-oz. bottles were charged first with soap solution, 
then with potassium persulfate solution, and finally with butadiene. 
After an excess of butadiene was boiled off to remove air, the bot¬ 
tles were sealed with perforated caps using self-sealing GR-N gas¬ 
kets; the appropriate quantity of 2 , 3 -dimethyl-l, 3 -butadiene contain¬ 
ing the required amount of mercaptan was injected through the cap by 
means of a hypodermic syringe. The bottles were allowed to stand 
at room temperature for twenty minutes and then placed in a 50° poly¬ 
merization bath. Sampling was carried out as described by Frank, 
Adams, Blegen, Deanin, and Smith ( 6 ). The results of the polymer¬ 
ization are shown in Table V. 
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Synopsis 

Some e:q}eriments on the polymerization of 2,3*dimethyl- 
1,3-butadiene and its copolymerization with butadiene are reported. 
This monomer requires very little modifier as compared to butadiene. 


Resume 

Certaines experiences de polymerisation du 2,3-dimethyl- 
1,3-butadiene, et de copolymerisation de celui-ci avec le butacUlne 
onteteeffectuees. Cemonomerene necessite I’emploi que de falbles 
quantltes de modificateur, par comparaison avec le butadilne. 


Zusammenfassung 

Es werden eine Reihe von Untersuchungen der Polymerisation 
von 2,3-Dimethyl-l,3-butadien und seiner Mischpolymerisation mit 
Butadienberichtet. Dieses Monomer benotigt viel weniger Umwand- 
ler als Butadien. 
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Polymerization in a System of Discrete Particles 

R. N. HAWARD, Petrocarbon Ltd., Twining Road, Trafford Park, 
Manchester, England 


INTRODUCTION 

The process of polymerization is generally regarded as a chain 
reactionwhichinvolves at least three distinct steps: initiation, prop¬ 
agation, andtermination of reactionchains. Although a number of dif¬ 
ferent reactions have been suggested to account for the process of 
initiation, there seems to be general agreement about the character 
of the propagation and termination reactions. The former is general¬ 
ly assumed to involve a simple collision between the monomer and an 
active polymer chain, while the termination reaction is considered to 
be abimolecularprocess involvingthe collision of two active centers. 
The most important evidence for the conception of a bimolecular ter¬ 
mination reaction is the widespread observation that when the poly¬ 
merization reaction is initiated in a bulk system by the action of light 
or by catalysts, the rate of the over-all reaction is proportional to 
the square root of the light intensity or catalyst concentration (1-4). 
Now, since this step is a controlling factor in the rate of polymer¬ 
ization, it follows that any condition restricting the termination reac¬ 
tion will increase both the rate of polymerization and the chain length 
of the polymer. Further, it appears that diffusion must be considered 
as a possible factor limiting chain termination, since the energy of 
activation for this step is low and because large molecules are invol¬ 
ved (5). In any case, the conception of a diffusion controlled reaction 
has been put forward by Norrish and Smith (6) to account for the re¬ 
sults of certain polymerization experiments where it was found that 
methyl methacrylate polymerized more quickly in a solvent which 
caused the polymer to be precipitated than in a good solvent for both 
polymer and monomer. Similar experiments have been reported by 
Haward (7) using methyl isopropenyl ketone. In each case, the in¬ 
creased rate of polymerization was accompanied by an increase in the 
intrinsic (or inherent) viscosity of the polymer formed. In other ex¬ 
periments by Melville (8), a more refined technique was used, and it 
was specifically shown that when vinyl acetate was polymerized in a 
nonsolvent for the polymer, the velocity constant for the chain ter¬ 
mination reaction was reduced. 

Once the conception of a diffusion-controlled reaction is ac¬ 
cepted, it would also seem reasonable to anticipate that polymeri¬ 
zation will be affected by the viscosity of the medium in which the re¬ 
action occurs, in view of the very large changes in viscosity which 
occur in a monomer polymerizing in biilk. Therefore, it is relevant 
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to note that Trommsdorf (9), using methyl methacrylate, has obtained 
very considerable experimental support for the existence of this ef¬ 
fect. For example, he showed that If the viscosity of methyl meth¬ 
acrylate monomer is increased by dissolving cellulose propionate in 
it, the velocity of polymerization can be increased. 

However, it appears that all monomeric materials do not be¬ 
have similarly in respect to the degree of the viscosity effects ob¬ 
served. For instance, it has been shown by Haward (8) in a review 
of published work that styrene is much less susceptible to diffusion 
effects in polymerization than some other monomers-and especially 
methyl methacrylate. Obviously, the existence of well established 
viscosity and precipitation effects in polymerization further supports 
the idea of a bimolecular termination reaction. 

There is, however, one consequence of the conception of a bi¬ 
molecular termination reaction in polymerization which has not yet 
beenthe subject of theoretical investigation. Clearly, a polymeriza¬ 
tion system dependent on a bimolecular termination process cannot be 
indefinitely subdivided without causing drastic alternations in the mode 
and character of the reactions. For example, if a bulk polymeriza¬ 
tion could be suddenly divided up so that each compartment contained 
only one active center, it would be expected to continue the process of 
chainpropagation, (i.e., polymerization) indefinitely without any fur¬ 
ther initiation process. At first this may seem to be a remote prop¬ 
osition of little practical interest, but it must be remembered that the 
active centers in a polymerizing medium are themselves present in 
very small concentration, so that there is no reason to assume that 
the characteristic particle containing only one of them will be \mduly 
small. In any case, wherever the system is subdivided into drops 
which contain only a small number of active centers, it will be neces¬ 
sary to make some amendment to allow for the fact, since the assump¬ 
tion based on the existence of large assemblies of reacting molecules 
customarily involved in chemical kinetics will no longer apply. 

In this paper it is proposed to discuss the problem of compart- 
mentalization as applied to a simple polymerizing system. The dis¬ 
cussion proceeds in three distinct stages. First, some typical sys¬ 
tems polymerizing in bulk are considered and the number of active 
centers at any given time is calculated using the absolute values of 
the propagation constant which have recently become available. This 
makes it possible to estimate the volume of monomer associated with 
one active center and the diameter of the '^critical drop" and also to 
estimate the rate of polymerization of drops of different sizes con¬ 
taining one active center. Second, the question of discrete systems 
is considered in relation to a particular standard polymerization re¬ 
action and the results demonstrated for simple models using two dif¬ 
ferent initiation reactions. Finally, the character of the assumptions 
made and the conclusions reached is discussed in relation to the pro¬ 
cesses of dispersion polymerization. 

ESTIMATION OF THE SIZE OF A DROPLET CONTAINING A SINGLE 

ACTIVE CENTER 

In this and subsequent discussions, we shall mainly consider 
systems consisting of a pure monomer which has been polymerizing 
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Just long enough to give an equilibrium between initiation, propaga¬ 
tion, and termination reactions. For the purpose of calculating the 
size of the critical droplet, it is then necessary to know the constant 
of the propagation reaction (kp), the over-all rate of polymerization 
(R), and the concentration of monomer (M), which in this case is that 
of the pure material. Now the constants of the propagation reaction 
have recentlybeenmeasuredby Burnett and Melville (10) and by Bart¬ 
lett and Swain (ll)for vinylacetate* and by Bamford and Dewar (12,13) 
for styrene and methyl methacrylate. With regard to the rate of re¬ 
action, it is clear that once the constant of the propagation reaction 
has been measured the number of active centers will depend directly 
upon it and can be calciilated for any rate of polymerization using the 
formula given below. Thus the diameter of the critical drop, which 
In this calculation is simply the total volume divided by the number 
of active centers, will depend on the cube root of the assumed rate of 
polymerization. In Table I, R has been arbitrarily chosen as that rate 


table I. Size of a Critical Droplet Containing only One Active 
Chain for Systems Polymerizing at a Standard Bate 




kp, mole/liter 



Temperature 

seconds 

d, cm. 

Vinyl acetate ^ 

15.9^C. 

!)86 (10) 
1100 (11) 

5.9 X lo's 

1.8 X lO'^ 

Styrene 


18.7 (12) 

1.5 X 10 ‘s 

Methyl methacrylate 

25° C. 

150 (15) 

2.5 X lO’s 


of reaction which would give complete polymerization in 10 hours 
(36,000 seconds). However, a variation in this rate by a factor of 10 
will only alter the calculated drop size by a factor of 2.2, and for this 
reason the sizes given in Table I will correspond with the conditions 
in a wide range of practical polymerization reactions. The diameter 
(d, cm.) of the critical drop containing only one active center is de¬ 
rived as follows: 

Volume of a single drop (liter) -- = v 

6000 


Number of drops per liter of monomer N - 1/v 


Hence withone active center per drop there are N/Nq 
centers per liter where Nq is the Avogadro number. 

Nk_(M) 

. Rate of polymerization =—P-= r 

and: No 


hence: 


6000 

" • v“' 


6000 ko(M) 

d = P 


nRNo 


moles of active 
Therefore: 


*Some differences between these workers need not concern us here, 
as the figures they obtain for the propagation reaction agree very well. 
The differences in their results affect the other constants. 
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Examination of these figures shows that the droplets are erf col¬ 
loidal dimensions, i.e., large compared with the size of a monomer 
molecule. Further, it is probable that for most purposes, the figures 
for the calculated diameters are on the low side, since most polymer¬ 
izations are carried out at tenoperatures considerably above the ones 
used in the experiments in which kp was measured, and the values of 
kp are, therefore, likely to be low. Taking a value of 6500 cal. as the 
activation energy of the propagation reaction (12), it can be shown that 
the use of temperatures SO^c. above those given here would lead to an 
increase in the diameter of the critical drop by a factor of 1.7. There¬ 
fore, it seems reasonable to conclude that the size of the critical drop 
will generally lie between 10“5 andlO^^cm. (0.1-1 micron) whenever 
the rate of polymerization does not depart from the one assumed by 
more than an order of magnitude. Such drop sizes, although of col¬ 
loidal dimensions, will greatly exceed the weight of the individual poly¬ 
mer molecules. For instance, a single tightly-coiledpolymer mole¬ 
cule having diameter of 10-5 cm. and a density of unity would have a 
molecular weight of about 3 xlO^, i.e., about a thousand times that of 
apolymer having a molecular weight of 300,000. Thus the first of the 
questions raised in the introduction is answered. It is concluded that 
the existence of particles containing only small numbers of reacting 
molecules is apossibility in any system in which the monomer is dis¬ 
persed on a colloidal scale and the consequent problem of how such 
systems behave is, therefore, of practical as well as theoretical In¬ 
terest. 


RATE OF POLYMERIZATION OF A DROP HAVING A SINGLE 

ACTIVE CENTER 


In the previous section, the volume of liquid associated with one 
active center has been calculated for a given rate of polymerization 
and ejqpressed in terms of the diameter of a spherical drop. It is e- 
qually possible to consider the case of a drop having a single active 
center and to consider its rate of polymerization. Assuming that the 
monomer disappears according to a first-order kinetic, neglecting 
collisions with the surface of the drop, the following relation can be 
obtained: 

d(M) _ _ kp(M) 
dt " NqV 


where vis the volume of the drop ( TrdVcOOO liters). It follows that the 
half-time of polymerization (ti/ 2 ) ^ *** by: 


^1/2 


Nq 1 n g 2 ^ 3 

6000 kp ^ 


Thus accordingto this method of estimation, time for the polymeriza¬ 
tion of such a drop depends on the cube of its diameter. This suggests 
that where very small drops are formed in a polymerizing system, 
they are liable to be completely polymerized in a short time. Values 
of the half-life at 25®C. ^ven by this relation are plotted in Figure 1; 
as a further consequence it follows that where a small polymerizing 
drcqps are dispersed in a common medium the smallest drops are 
likely to contain a lower concentration of monomer than the larger ones. 




POLYMERIZATION IN DISCRETE PARTICLES 


277 



Fig. 1. Hair-tlwe of polymerization of drops 
containing a single active center. 


PROBLEM OF POLYMERIZATION IN COMPARTMENTAUZED 

SYSTEMS 

1. Behavior of the Standard Bulk System 

All the polymerizations considered in this section are derived 
from a single model of a standard bulk system consisting essentially 
of pure monomer. It is assumed that kj moles sec'l liter"^ reaction 
chains are initiated by the action of light, heat, or a catalyst and that 
the termination and propagation constants are k^ and kp in the same 
units. Later it will be assumed that these constants are not affected 
when the system is divided into small compartments. In actual fact, 
this assumption will only be an approximate one, since the constants 
will be slightly affected by the further restriction in the number of ar¬ 
rangements in a single system. Thus the reaction is represented 
schematically as follows: 

X 

X ^ M active '^1 

X X 

M + M -► P, Kp 

Pn ^ ^n+1 ''p 

^ ^ +m t 

In connection with the proposed initiation mechanism, it should 
be recognized that in many cases it will be equivalent to terms con¬ 
taining the monomer concentration, although this is not included in the 
proposed treatment. For Instance, if c is the catalyst concentration 
the rate of chain initiation is often equated to k^cM (14) which would, 
therefore, be equivalent to the quantity 1^ used here. It is considered 
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desirable to use an initiation of this form here because it allows a more 
generalized approach and because the intention is to investigate the 
effect of subdivision on the system and not to deal with the results of 
changes of concentration. As regards the termination reaction, the 
radicals are assumed to recombine, but disproportionation is also 
possible and this would cause the values for the average degree of 
polymerization for the bulk system to be halved; other molecular 
weight expressions given later would also be affected, but not so as to 
alter the general nature of the conclusions reached. With these con¬ 
stants the following relations may be deduced for the bulk system. 

/ k ^ 

Rate of polymerization = R = k_(M)(_l 

P \kt 

2k (M) 

Average degree of polymerization = — P-i/j 

(k|kt) 



Number of active centers = 



RNq 

Kp(M) 


This system is then assumed to be divided tp into discrete particles, 
so that one liter gives N equal drops of volume v liters where N s 1/v. 
With regard to the initiation reaction, it soon becomes clear that it 
makes a good deal of difference whether the active centers are gener¬ 
ated singly or in pairs, and two types of initiation are, therefore, con¬ 
sidered. Other steps in the polymerization process, such as branch- 
ingorchaintransfer, are not examined, although it is felt that the lat¬ 
ter would not be likely to invalidate any of the conclusions reached, 
except in regard to the molecular weight of the product, provided that 
it took place wholly within the drop. However, if chain transfer, a 
termination,takesplaceatthe surface of a drop, this would profoundly 
affect the conclusions reached. It should also be noted that wherever 
these results are to be considered in relation to catalyzed reactions, 
and where chain initiation is assumed to occur within the drops, it 
must also be assumed that the catalyst is present in a quantity suf¬ 
ficiently large for statistical fluctuations in its concentration to be 
neglected. 


2. Bimolecular Reactions with Small Numbers of Molecules. 

Consideration of the arrangement of molecules in a theoretical 
lattice with s sites on a coordination number Z leads to the following 
relation for the number of molecules with immediate neighbors; 

z 

Number of pairs = 

provided s » N. 

This relation corresponds to the terms c2v in the usual equation for 
a bimolecular reaction. Further, since c = N/NqV, it follows that the 
correct concentration term for a bimolecular reaction is N(N - 1)/N§v, 
which should be applied wherever the number of reacting molecules 
may be small. This quantity becomes the same as that derived from 
c when N is large, and when N = 1 it becomes zero, which is, of course, 
correct for a single molecule. This relation takes no account of col¬ 
lisions with the surface of the drop in small drops. 
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2. Polymerization in Drops with Initiation by Formation of 
Single Active Centers 


When the behavior of the standard chain reaction is considered 
in relation to small discrete systems it soon becomes clear that the 
results depend on the manner in which the chains are initiated and 
particularly on whether they are started singly or two at a time. In 
this section, the case where chains are started one at a time is con¬ 
sidered. For this discussion it does not matter whether the chains 
are started inside the drops or whether they reach the drops by dif¬ 
fusion from an external continuous phase. In each case it is assumed 
that the rate at which centers reach a drop is proportional to the vol¬ 
ume of the drop. This assumption is clearly reasonable in the case of 
internal generation of active centers, but in the case of external gen¬ 
eration this would only apply when there was a steady generation of 
growing chains in a fixed volume of a continuous phase, so that the 
average rate at which they reached the single drops would be inverse¬ 
ly proportional to the number of drops and hence directly proportional 
to their volume. In other cases this rate might be e}q>ected to be pro¬ 
portional to the area of a drop. However, it is not to be expected that 
this difference will seriously affect the results, as it will be seen that 
they are mainly of a qualitative nature. 

In this and subsequent treatments it is always assumed that all 
the drops are of the same volume, v, and consideration is given to 
changes in the number of drops, np, having p active centers. Thus, 
the standard drop may gain one active center to give a drop with p + 1 
active centers or by a process of mutual chain termination it may 
lose two active centers and yield a drop with p - 2 active centers. 

Thus Up will depend on the equilibrium between the following 
processes: 

Pp.j—► Hp—►Hp+j Initiation 


np+2—►•'p—►np-2 Termination 

The rate at which drops go from (p - 1)—►p active centers is: 


l^iNoVnp.i 

and the rate at which drops go from p—► (p + 1) is similarly: 

kjNovnp 

On the other hand, from the termination reaction, it follows that the 
rateof generation of drops wlthp active centers from those with (p + 2) 
active centers is: 


1/2 ktnp+2 


(p * l)(p 2 ) 
NqV 


the factor 1/2 being introduced by the fact that each step involves the 
destructionoftwo active centers. Similarly the number changing from 
p—►(p - 2) is given below by: 


1/2 kjnp 


P(P - 1) 

NoV 


Now assuming a Steady state with regard to drops having p active cen 
ters: 

kiNovnp.i + 1/2 (k^/NoV) np+2 (P + 1)(P + 2)= 


1/2 (k^/NoV) np(p - DP 


k'jJlovnp + 
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These relations do not lend themselves to exact treatment. Neverthe¬ 
less, we can write without approximation: 


at • Nov*no 
1 kl 2 2 

Ha ® — —— V No(ni — Ho) 

3 kt 

lk| 2 22 

‘ ?k {k 


( 1 ) 

( 2 ) 

(3) 


from which it follows that n 2 ,n 3 , 04 —►O as v2—►0, and the same can 
be shown for higher values of p. This is clearly a reasonable result. 
For as the drop becomes smaller, the lifetime of two or more active 
centers within it becomes short, i.e., the number of the drops with 
two or more active centers tends to zero. 

Also, since neither nor any of the other quantities in these 
relations can be negative, it follows from equation 2 that n^ > nQ,. and 
from equation 3 that: 

k'.v*No®no 

("i - no) < — - 

consequently it is concluded that ni—► Hq as v 2 -*- 0 , and since high¬ 
er values are now absent as v^—♦(): 

Hi—►N/2 = 1/2V* 

Under these conditions, n^ is equal to the number of active cen¬ 
ters in the system and the rate of polymerization is therefore given 
by the relation: 



i.e., as the drop size is diminishedthe rate of polymerization becomes 
proportional to the number of drops and independent of the rate of in¬ 
itiation, that is to say, independent of catalyst concentration or light 
intensity. 

Similarly the degree of polymerization becomes; 

Nkp(M) 

kjNo 


Thesetworelationswill,ofcourse,only apply when the rate of reaction 
calculated inthis manner is considerably greater than that of the bulk 
system, that is: 


Nkp(M) 

” 1 No 


» kp(M) 



*This relation can also be deduced by the following argument. When 
the drop size is small the lifetime of a drop containing two active cen¬ 
ters wnr i)e small. Hence, the history of any drop will consist of 
changing from zero to one active center and then to zero again. The 
time spent in each state will be the reciprocal of the probability of 
gaining anew active center, and so, on an average, half the drops will 
contain one active chain at any given time. 
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or when: 


2 lCp(M) 


which goes back to our original calculation and shows that the number 
of drqpsmustinfactbe much more than twice as great as the number 
of active centers in the corresponding bulk system. 


4. Polymerization in Drops with Initiation by the Simultaneous 
Formation of Two Active Centers 


This type of initiation could occur either by the action of U.V. 
light (11) or by the decomposition of a catalyst such as benzoyl per¬ 
oxide (15,18), e.g., 

(CaHsCXX)),- ►CbHb + CO* + CsHgCOO* 


Obviously, if initiation takes place by such a process within iso¬ 
lated drops, and if the termination process is that of the mutual ter¬ 
mination of two reactive chains, then all the drops in such a system 
will contain an even number of active centers, and a drop will always 
gain or lose two active centers at a time. In treating such a system, 
it is convenient to consider the gain or loss sustained in unit time by 
the np drops which have p active centers in them, i.e., the equilibria: 


*'p **P'2 

Then the number of drops going from p to (p + 2) is given by the re¬ 
lation. kJNoVnp 

and the number going from p to (p - 2) is: 


1 kt(p)(p-l)np 

2 NqV 


Together these represent the total reduction in the number of drops 
having p active centers. In the same time, the gain in the number of 
drops having p active centers is: 


1/2 k'lVnp.jNo 


^ 1 kt(p + l)(p + 2)np+2 
2 Stv 


and since in the steady state these are equal, the general distribution 
of active centers within the drops will be given by the relation: 

Nov’kJnp.j + kjOp+j-CP + 1)(P + 2) ' np[NoV*kJ + kt-p(p - 1)] 

Fromthis, it can be shown that if nQ is the number of drops with 
zero active centers, then the number with two, four, six, and p active 
centers is given by the terms of the e^anslonr 



i.e., to the terms of the expansion of: 

no cosh^^v*No^ 

where this quantity is itself equal to the total number of drops, i.e., 
to 1/v. 
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To find the total number of active centers, simply multiply each 
term in equation 4 by the number of centers in the drop (p), so that 
it now becomes: 


no 






*No* 


2 



and therefore substituting for 
reaction becomes; 


p/2 



Cq according to equation 



5 the rate of 


/ k' \ / k' 

nokp(M)^-jjl v*No® j slnh^^v®NoJ 


tanh^-j^v®No J moles liter sec. 

and in this expression, the last term tends to zero as v-»o, i.e., as 
the number of drops is increased, the reaction is suppressed. This 
can be seen qualitatively by noting that as the drop size is diminished 
the lifetime of two newly formed active centers in it is also reduced. 
Under these circumstances, they can never escape from each other 
and recombine before an appreciable amount of polymerization has 
taken place. The rate of polymerization of such a system is, there¬ 
fore, always less than that of the pure monomer, and stops at a high 
degree of subdivision. The chain length (degree of polymerization) 
is also reduced to a similar extent, i.e.; 

2kn(M) A'.V^NoV''* 

Degree of polymerization = — -P -—,,2 tank I— i- -1 

(''i’''t) \ / 


Finally, it may be noted that when very small drops are considered, 
the values of kp assumed for the bulk reaction may not hold exactly 
since the behaviour of single catalyst fragments will not be the same 
as that of a long chain. 


5. Incompletely Isolated Drops 

So far, it has been assumed that each drop is completely iso¬ 
lated from its neighbors, so that no contact between any two drops is 
possible. However, under certain conditions, it is possible to treat 
a system without making this assumption. For this purpose, we as¬ 
sume instead that a number of the drops coalesce and then separate 
inunittime. This is undoubtedly a rather artificial typeof mechanism, 
though in the treatment given it is not also necessary to assume that 
the drc^s are all of equal size, but it does make it possible to specify 
the system and so enables a simple treatment to be applied. How¬ 
ever, it is assumed that the number of drops is large, so that the life¬ 
time of two or more active centers in a drop is small and as a re¬ 
sult of coalescence only a relatively small proportion of the drops 
have an active center at all. The case of generating active centers 
one at a time is the only one investigated, since in a nonisolated sys- 
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tern the occurrence of drops with an odd number of active centers is 
to be ejqiected in any case. 

Let X be the total number of active centers in the system. Then 
the rate of formation of centers within the drops is: 



— ) 
N /• 


Also the rate of destruction 


X 


2 


‘>1F 


therefore in the steady state: 



it follows that if q/k^ is small, i.e., the drops are nearly isolated, 
X = N/2 as before. But if q/ki is large, which is the case under con¬ 
sideration, then x!|q)proximates to N(k|/q)l/2 and therateof polymer¬ 
ization becomes: 


1/2 

kp(M)N / \ 

~o vT’/ 


i.e., proportional to N and to the square root of the rate of initiation 
over coalescence. 

The chain length will be: 

2 k„(M)N 

-- •"-“TTT 

No(K'iq)‘ 

In consequence, the condition for an increased rate of reaction and 
chain length will be: 


andthe relations will, infact, only hold when the left-hand side of this 
inequality is much the larger. 


DISCUSSION 


Three main conclusions follow from the proceeding treatment 
of the problem of polymerization in isolated systems. 

(a) Whenever a monomer like methyl methacrylate, vinyl acetate, 
or styrene polymerizes in a dispersed system containing droplets 
having a diameter below 10~4 cm., special consideration must be given 
to the effect of compartmentalization on the termination reaction. 

(b) Where active polymer chains are generated singly within a system 
of small drops, the rate of polymerization and chain length will in¬ 
crease as the size of the drops is diminished. With decreasing drop 
size, the rate of reaction should become proportional to the number 
of drops into which the system is divided. This conclusion also ap¬ 
plies if some limited form of contact between the drops is allowed. 

(c) If active polymer chains are formed in pairs in completely iso¬ 
lated drops, the rate of reaction and chain length are reduced as the 
drop size is diminished. 

In view of these conclusions, it is of interest to consider brief¬ 
ly the question of their application to the forms of dispersion polymer¬ 
ization used at the present time. These may be divided into two types. 
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Time emulsion polymerization, where an emulsifying agent and a ca¬ 
talyst soluble in the water phase are used, and bead or pearl poly¬ 
merizations, where a catalyst soluble in the monomer is employed, 
together with various types of dispersing agent. Clearly, the con¬ 
dition of the generation of active chains one at a time is likely to be 
fulfilled in any system where free radicals are generated in the con¬ 
tinuous aqueous phase. It has further been clearly established by Sig- 
gia, Hohenstein, and Mark (17) and by Harkins ^8) that drops below 
10 ~^ cm. occur in polymerizing emulsions in the case of styrene. Sim¬ 
ilarly, particle sizes ranging from 2 xl0“5 cm. to4 x 10"® cm. have 
been reported by earlier workers in the case of synthetic rubber latex 
(19,20). Indeed, Harkins (18) emphasizes the role of very small mono¬ 
mer polymer particles in emulsion polymerization and i^ecifically 
mentions the possibility that particles containing only one active cen¬ 
ter are formed during the polymerization process. According to Har¬ 
kins, it would be possible to connect the occurrence of a combination 
of high molecular weight and a fast reaction rate in emulsified systems 
with the existence of finely dispersed drops or particles. This 
conclusion would also be in accordance with the observations of 
Siggia, Hohenstein, and Mark (17) and of Harkins (18) that increasing 
the concentration of emulsifying agent leads to smaller drops and a 
faster reaction rate. However, since the emulsifier concentration is 
varied, other e]q>lanations of this effect may also be possible. Never¬ 
theless, the observed effect is an increase in the rate of polymeri¬ 
zation as the number of drops increases, and this conforms with the 
predictions given above. 

In two recent papers, it has been shown by Baxendale, Evans, 
andKilham (21,22) that a restriction of the termination reaction with 
methyl methacrylate did exist in an emulsified system. This could 
be an effect of subdivision. However, the same behavior can also be 
e]q>lained by the conception of polymerization occurring in viscous 
aggregates, where the termination reaction is controlled by diffusion. 
Such effects are known to be large in the case of methyl methacrylate. 
Thus, diffusion control can operate in the same way as the compart- 
mentalization effect in emulsion polymerization, and it is not easy to 
distinguish between the two processes. However, this might be done 
by working with a solution of a monomer in a good solvent for the 
polymer dispersed together in water. In this case, the formation of 
viscous aggregates of high viscosity would be unlikely. 

With regard to the third conclusion, considerable doubt must 
be expressed with regard to the direct ^applicability of the model in 
which radicals are formed in pairs. The reason for this is that even 
minor departures from the assumptions of the model will lead to the 
accumulation of drc^s having odd numbers of active centers in the 
system and to a consequent increase in reaction rate as the drop size 
is reduced. If any real systems (lb correspond with the behavior of 
this model, they would obviously be those in which a catalyst soluble 
in the monomer but insoluble in water is used. Nevertheless, it would 
appear that a number of factors will prevent these systems from cor¬ 
responding exactly to the model chosen in this paper. These include: 

(a) the pre-existence of some free radicals in the mixture before it 
is dispersed; 

(b) a slight solubility of the catalyst in water; 
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(c) the loss of free radicals by the drop, e.g., by solution or chain 
tranter; 

(d) incomplete isolation of the drops. 

Furthermore if the reaction is to be suppressed, it is necessary 
that the volume or weight average of drop size should be below the 
limit for the particular monomer. This is normally much larger than 
the number average. 

At present, the small amount of published evidence suggests 
that the reaction rate of benzoyl peroxide catalyzed polymerizations 
is increased when the system is finely dispersed. For instance, Ho- 
henstein and Mark (23) report that when styrene was dispersed with 
this catalyst in large drops (e.g., 2 mm.) the reaction was essentially 
one of bulk polymerization, but that with the smallest drops (0.1 mm. 
and less) some increase in the rate of polymerization can be observed. 
Furthermore, with emulsified systems of the same type, Rutovski and 
Pazinin (24) found that the molecular weight of methacrylate and sty¬ 
rene polymers was greater than in the corresponding bulk polymer¬ 
izations. Thus, these ejqperiments give no evidence of the effects 
predicted when active centers are formed in pairs in a finely dis¬ 
persed system, and it seems doubtful if such conditions can be realized 
in practice. 
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Synopsis 

It has been shown that subdivision of certain homogeneous 
polymerizing systems into droplets of diameter 10~^ to 10~^ cm. will 
entail a probability of finding only one active chain in each particle 
if the kinetics of the reaction remained otherwise unaffected. Some 
cases of polymerization in compartmentalized systems have been 
considered, and it has been shown that, where active centers are 
generated singly within completely isolated drops, the effect of 
increasing subdivision would be to increase the rate of reaction‘and 
chain length. On the other hand, with the formation of active chains 
in pairs, the opposite effect is to be anticipated, namely a decreasing 
rate of reaction with Increasing subdivision. These conclusions are 
briefly considered in relation to the problem of dispersion polymer¬ 
ization, and it is shown that the theory of compartmentalization could 
account for the occurrence of high rates of reaction and chain lengths 
in the emulsion process, as compared with a bulk system. On the 
other hand, there is no evidence showing that the reaction rate is ever 
reduced in finely dispersed systems. 


Resume 

On a montre que la division de certains systemes tomogenes 
polym^risants en gouttelettes d’un diamStre de 10~4 a 10~^ cm. doit 
entrainer la probabilite de trouver seulement une chmne active dans 
chequeparticiile, si la cinetique de la reaction n’en est pas modifile. 
Certains cas de polymerisations en systemes compartimentes sont 
consideres; si les centres actifs sont formes isolement au sein d’une 
gouttelettecompldtementIsolde, I'effetd’une division croissante sera 
d’accroitre la vitesse de reaction, ainsi que la longueur de chsune. 
O’autre part, en cas de formation dechaines actives par paires, I’effet 
oppos^ doit etre attendu, savoir une diminution de la vitesse de riaction 
avec division croiss^te. Ces conclusions ont et6 consid6r4es en 
rapport avec les problemesdes polymerisations en systeme dispersi; 
cette theorie^ de la compartimentalisation peut rendre compte de 
vitesses de reactions elevees dans les polymerisations en emulsion, 
con^>arees aux polymerisations en bloc. D’autre part, il n’est pas 
certain, que la vitesse de reaction est toujours reduite par une 
dispersion fine du systdme. 
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Zusammenfassung 

Es wird gezeigt, dass die Teilung gewisser homogener Poly- 
merisationssysteme in Tropfen von einem Durchmesster zwischen 
10^ andlO'S cm. eswahrscheinIichmacht,dasssichinjedemTeilchen 
nur eine aktive Kette befindet, fails die Kinetik der Reaktion sonst 
unverander bleibt, Einige Falle von Polymerisation in zerteilten 
Systemen werden untersucht, und es wird gezeigt, dass dort, wo 
aktive Zentren in total isolierten Tropfen einzeln gebildet werden, eine 
Erhbhung des Zerteilungsgrades eine Beschleunigung der Reaktion 
und Erhbhung der Kettenl^ge zur Folge hat. Andrerseits, falls 
aktive Ketten paarwelse gebildet werden, sollte die gegenteilige 
Wirkung erzielt werden n^lich eine Verlangsamung der Reaktion mit 
steigender Zerteilung. Diese Schliisse werden fur die Dispersions- 
polymerisation untersucht und es wird gezeigt, dass die Theorie der 
Zerteilung die hohen Polymerisationsgeschwindigkeiten und Ketten- 
langen in Emulsionsprozessen im Vergleich mit Massensystemen 
erkl^. Andrerseits gibt es keine Evidenz aus der man schliessen 
konnte, dass die Reaktionsgeschwindigkeit in fein zerteilten Systemen 
abnimmt. 
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INTRODUCTION 

Nous avons ete amenes, pour les besoins de nos fabrications 
de viscose et d’acetate, a etudier la question de la polydispersite de 
la cellulose contenue dans la pate de bois. 

Outre que du point de vue purement theorique, les auteurs ne 
sont pas encored’accord, nous avons rencontre beaucoupde difficultes 
pratiques, envoulant adapter les methodes mises au point et valables 
pour de la cellulose presque pure, telle que celle provenant du coton, 
k la determination de la repartition des chaines cellulosiques con- 
tenues dans lespates de bois, d’origine, de nature, de composition et 
de destination fort differentes. 

Nous avons ete etonnes, a plusieurs reprises, de constater a 
quel point pouvaient differer les diagrammes de repartition de lon¬ 
gueurs de chaines de deux lots de pate, faisant partie d’un meme ar- 
rivage, du meme fournisseur, mats provenant de deux cuiseurs dif¬ 
fer ents. Nos fabrications ay ant pour resultat constant et oblige, un 
clivagedes chaines, il etait done tres important pour nous d’etudier, 
aussi loin que possible: 

1. La repartition des chatnes dans le materiau de depart; 

2. L’evolutiondecette repartition au coursde nos fabrications; 

3. L’influence de cette repartition sur les qualit^s mecaniques 
de nos produits finis. 

Onconnaita Theureactuelle, plusieurs methodes de fraction- 
nement des solutions de hauls polymeres et de determination de leurs 
poids moleculaires. La plupart de ces methodes sont encore insuf- 
fisantes, soil du cote theorique, soit du cote pratique. 

Notre but etant bien defini: adapter les methodes de labo- 
ratoire purement scientifiques a des besoins et a des buts purement 
techniques, nous avons choisi la methode par precipitation fractionate 
(l)qui, i rheure actuelle, semble etre la plus sure et la plus simple 
et par consequent, la plus facile a appliquer dans un laboratoire de 
fabrication. Une fois les fractions obtenues, nous en recherchions les 
poids moltculaires par viscosimetrie. 

Nous avons chercht a mettre au point une mtthode pratique, 
simpleetdont,surtout, les resultats seraient parfaitement reproduc- 
tibles, cequi n’est malheureusement pas vrai, dans le domaine de la 
cellulose et des ses derives, de la plupart des methodespreconisees 
par la litterature. 

On salt, eneffet, que la cellulose, comme telle, n’est pas sol¬ 
uble. II faut s’adresser aunde ses derives pour arriver a la mettre 
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en solution. Encore faut-ilque lapr^aration de ce derive ne change 
en rien la longueur initlale de ses chatnes. H exlste pour cela, deux 
procSdes connus: Tac^tylatlon par I’antaydride ac^ique en presence 
de pyridine (2) ou bien la nitration par I’acide nltrlque en presence 
d’aclde et d’anhydrlde phoqihorlques (3). 

La premidre de ces m^thodes est bonne, mals fort longue. 
Nous avons pr£fer6 adopter la seconde qul est plus raplde, tout en 
pr^sentant les m§mes garantles de s6cuxit6. Elle donne un prodult 
soluble dans l’ac4tone. 


I. La Nitration 

AprSs blen des essais comparatlfs, nous avons constat^ que, 
seul, le mode opSratolre sulvant, ne provoquait pas de degradation 
apparente de nos echantillons: 

On prepare 500 g. d’aclde pho^horlque k 89%. On y ajoute 300 g. 
d’anhydride phosphorique. Cette wantlte est legdrement superleure 
a celle qul seralt theorlquement necessalre. Get exces est destine a 
neutraliser I’eauque contlent encore I’echantlllon de pite que I’on ne 
seche pasprealablement. Dans le melange d’aclde et d’anhydride phps- 
phorlques,onverse,enmalntenant la temperature en-dessous de 20°, 
700g. d’aclde nltrlque (denslte « 1.52). On efflloche, k I’alde de deux 
pointes d’acler, 10 g. de pSte brute. On y ajoute le melange nltrant, 
i une temperature de 4° maximum. On aglte pendant une heure, en 
maintenantlatemperature^20O. On verse alors le tout sur un creu- 
setlenaG n. On lave sur le flltre avec une solution d’aclde acetlque 
a 50%. On ach^ve le lavage en reprenant, plusleurs fois, la nitrocel¬ 
lulose et en I’agltant dans de I’eau dlstillee, jusqu’i neutralisation com¬ 
plete. Sans sechage intermediaire, on stabilise au methanol, & une 
temperature de 20°. (On prend soln de reciiplrer la faible partle de 
chafnes les plus courtes qul sont deji solubles dans le methanol). 
On seche en envoyant sur le prodult, pendant 30 minutes, un courant 
d’alr sec a la temperature du laboratolre. On achdve le sechage, en 
malntenant la nitrocellulose pendant 15 minutes, sous un vide de 10 cm. 
Hg e la temperature amblante. 

Les echantillons de nitrocellulose ainsi prepares et malnte- 
nus secs, se conservent pendant des mols, sans auctme alteration. 

Le degre d’esterificatlon est mesure sulvant les methodes 
habltuelles (13.3% d’azote). 

n. Dissolution de la PSte dans la Cuprietlqriene Diamine 

Qu’elle solt destlnee & un traitement alcalln (fabrication de 
la viscose), ouqu’elle solt destlnee k un traitement aclde (fabrication 
de I’acetate), la cellulose subit, dans I’un et I’autre cas, une degra¬ 
dation plus ou molns profonde sulvant les conditions du traitement. 

La degradation est due k la nqAure de liaisons de deux na¬ 
tures dlfferentes. n y aura, d’une part, nqtture des liaisons glucosldl- 
ques (liaisons fortes) etd’autre part, nqiture de liaisons que de nom- 
breux travaux recents et notamment ceux de Pacsu (4) ont montre 
Otre beaucoiq) plus f albles et beaucoup plus senslbles que les premieres 
aussl bien en milieu aclde qu’en milieu alcalln. 

La nature et la repartition de ces liaisons f albles peuvent dlf- 
flrer profondlmentd’unechantillondepStee I’autre sulvant leur ori- 
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gine ou le mode detraltementqu’ils auront stibi chez le fabricant. II 
Itait done Important pour nous d'essayer de chiffer les differences 
deconqmrtementdes divers gchantillons de pSte dans le domaine des 
liaisons falbles et uniquement dans celui-lH. En dffet, au cours de 
nosfabrications, cesont, ^videmment, les liaisons faibles qui se bri- 
seront en premier lieu. Cette nqtture viendra, en quelque sorte, se 
superposer auphinomdneprincipal: la rupture des liaisons glucosidi- 
ques fortes qui est le fondement m%me de stades importants de nos 
fabrications. Le diagramme de polydispersit^ de la pSte bnite ne 
pouvait nous donner aucun renseignement a ce sujet, pulsque la me¬ 
thods de nitration avait 6te soigneusement etudi^e en vue de rompre 
le moins de liaisons possible. 

On salt, aprds les travaux de Staudinger et Husemann, que la 
liqueur de Schweizer rompt pratiquement les liaisons faibles de la 
cellulose dans la ptte de bois. 

C^endant,apris les travaux de Strauss et Levy (5), nousavons 
prefers employer la cupri^yi^ne diamine, car la cellulose dissoutes 
dans ce corps, est beaucoup moins sensible I. la degradation oxy- 
dative. 

Toutefois, la pr^aration de la cupriethyldne diamine doit se 
faire avec beaucotq) de precautions. 

II est necessaire de partir de sels de cuivre, d’ammoniaque 
et de soude tres purs. Habituellement, une quantite plus ou moins 
grande d'hydroxyde cuivrique reste insoluble. On ne peut pas cep- 
endant ajouter un exc^s d’ethylene diamine pour dissoudre com- 
pldtement I’lqrdroxyde. En effet, les chiffres ci-dessous, resumant 
nos essais, montrent qu'un exc^s de base organique degrade la cel¬ 
lulose. 


Folds mol6cu- 

Sans exces d’e- 

Avec exces d’e- 

laires 

thylene diamine 

thylene diamine 

< 75,000.. 

.59%. 

. 72% 

75,000 i 150,000... 

. 19%. 

. 24% 

> 150,000. 

.22%. 

. 4% 


Ladifficulte de dissoudre I’hydroxyde cuivrique est due, uni¬ 
quement, a la trqp grande viscosite du milieu. U suffit d’ajouter au 
melange,sousazote,del’eaujusqu’iobtenirune solution de normalite 
en Cu++ infSrieure k 2. 

D’autre part, on dolt saturer le melange en Cu(OH) 2 . Com¬ 
ment proceder,dls lor s, pour que le liquide de la couche superieure, 
alt une composition correspondant a la formule du complexe tout en 
ayant une concentration en Cu++ d’lme normality §gale k Tunlte, par 
example. 

a. On commence par titrer les ions Cu'*"*' du liquide. 

b. On titre ensuite, par acidimetrie, la somme: Cu(OH )2 

+ 6thyldne diamine. 

c. De ces deux titrations, on d^duit la teneur des deux con¬ 
stituents du complexe et on determine combien 11 faut encore ajouter 
d’ethylene diamin e pour que le rapport: ethylene diamine/hydroxyde 
cuivrique, soit egal a 2. 

d. Connaissant la teneur en Cu++ du liquide, on ajoute enfin, 
au melange, sous azote, la quantite d’eau necessaire pour obtenir la 
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liqueur standard a l.O en Cu"'"*’. 

Enpossessiondecette liqueur standard, dument contrdlee, on 
diiq>erse 10 g. depute dans 500 cc. d'eau. On y ajoute 500 cc. de cup- 
riethyldne diamine 1.0 N en Cu-*-*-, sous azote purifi^. La dissolution 
est flnie en quelques minutes. 

On pricipite au moyen d’une solution d’acide acitique 50%. 
Onfiltre sur ^ena G n et on lave a Teau dlstillee, jusqu’a disparition 
du cuivre. On finlt le lavs^e a Talcool, puls a I’^her. ^ sMhe, 
d'abord,paruncourantd'airsec pendant 30 minutes a la temperature 
du laboratoire, puis sous un vide de 10 cm. Hg pendant 15 minutes a 
la temperature du laboratoire. 

Cette technique particuliere du sechage s’est r^veiee absolu- 
ment necessalre,afinde valncreladifficulte contre laquelle s’etaient 
heurtls beaucoup de chercheurs. n existe d’ailleurs un travail de 
Staudinger etDaumiller (6) qulconclutnettementaufait que le sechage 
conditionne la solubilite de la nitrocellulose dans I'acetone. 

On s'apercoit, en effet,que,-pourun sechage pousse de lapSte 
(plusieurs heures ^ 105°), une fraction plus ou moins importante de 
la nitrocellulose, fabriqueekpartirdecette pSte, reste insoluble dans 
I’acetone. On obtient des parties plus ou moins cornees qui refusent 
de se dissoudre. Ipsofacto,lediagramme de repartition de longueurs 
de chaines perdait toute signification. 

Un sechage progressif et moins brutal, tel que celui que nous 
efiectuons, n’offre pas cet inconvenient. Nous avons etabli jusqu’k 
present, plus de 100 diagrammes de repartition de longueurs de chaiines 
et toujours nous avons reussi, grSce a cette technique de sechage, a 
dissoudre integralement la nitrocellulose dans Tacetone. 

Lorsque I’on sSche brutalement une cellulose hydratee, on e- 
limine non seulement I'eau adsorbee (ce que I’on est convenu d’ap- 
peler:lepourcentaged’humidite), mais on eiimine egalement, en tout 
ouenpartie, I’eau fixee, par liaisons hydrogdne, sur les groupes hy- 
droxyles libres de la cellulose. Le depart de ces molecules d’eau 
libire les groupes hydroxyles tout en laissant di^onibles des va¬ 
lences secondalres. Ces valences secondaires llberees, vont pousser 
les chaines volsines k se rlunir. U en resultera des agglomerats de 
plus en plus compacts qui, sq)res nitration, resteront pratiquement 
insolubles dans I’acetone. 

m. Le Fractionnement 

On dissout 5 g. de nitrocellulose dans un litre d’acetone. Com- 
me liquide precipitant on se sert d’eau. 

Les dernidres fractions demanderaient de trop grandes quan- 
tites d’eau pour 9tre precipitees. On les obtient par evaporation sous 
vide, sous agitation. Le r^sidu de ces dernidres fractions s’obtient 
par sdchage sous vide pousse. 

Nousobtenonstoujours, entravaillent ainsi, entre 15 et 20frac- 

tions. 

IV. Degradation Des Solutions Acetoniques De Nitrocellulose 

Dds le debut de nos travaux, nous nous sommes heurtds k une 
grosse difficult^: nous nous sommes aper^us que la nitrocellulose 
subissait, en solution dans I’acdtone, une degradation profonde. Cer- 



POLYDISPERSITE DE LA CELLULOSE 293 

t ptna auteurs enparlent,d’autresn*enparlent pas et n’en tlennent pas 
coii4)te. 

Qu’entendons-nous exactement par degradation? Les faits 
suivants I’expliqueront: 

Un echantillon de cellulose est nitrl et stabilise. Nous avons 
verifie qu’a I’etat sec, 11 se conserve sans que se modifient ni son 
taux d’azote, ni son degre de polymerisation. 

Ontrouveraci-dessous (TableauI), prises auhasardparmi nos 
nombreux essais, de\ix series experimentales. Nous nous sommes 
sends, pour ces essais, d’une bonne pite de sapin suedoise, pour 
viscose. La solution de nitrocellulose dans I’acetoneavaitl g. au litre 
et etait conserves i une temperature voisine de 20° dans des flacons 
Pyrex, k I’abri de la lumidre. 

TABIXAI7 I. Degradation de la nitrocellulose dans 
1'Acetone 


S^rie III 


S^rle IV 

DP 

Nonibr© de Jours 

DP 

Nombre d© joiirs 

0. 

.810 

0. 

..850 

2. 

.780 

5. 

. .810 

5. 

.700 

6. 

..790 

8. 

.650 

13. 

..710 

15. 

.550 

18. 

. .650 

20. 

.500 

27. 

..570 

29. 

.410 

- 

- 


Les fractions subissent Individuellement une degradation sem- 
blable. Le Tableau n en donne un exemple. II s’agit d’une nitrocel¬ 
lulose fractionnee, faite a partir de la meme pSte de bois. Les so¬ 
lutions avaient, suivant les quantites a notre disposition de 0.11 g.a 
4.14 g. par litre. 

Ces premiers resultats nous ont montre touts I’importance qu’il 
fallaitattacher icephenomene. Certains auteurs n’en parlant pas ou 
I’ayant neglige, nous avons creuse davantage, le problems. 

D’apres Grevy (7), qui a travaille sur de la cellulose de coton, 
I’alcalinite du verre dans lequel la solution est conserves, accdlere 
la degradation. Nous avons verifie que ce phenomene se produit aussi 
pourde la cellulose de p3te de bois. Le Tableau ni donne les resul¬ 
tats de trois series d’essais sur des solutions a 1 g./litrejie nitro¬ 
cellulose conservees dans des flacons de verre ordinaire a une tem¬ 
perature de 200. 

Nous avons verifie egalement I’influence de la concentration, 
en essayant une solution dixfoismoins cone entree. On verra, d’aprds 
le Tableau IV que, places dans les mSmes conditions, la nitrocel¬ 
lulose en solution acetonique a 0.1 g/litre se d^rade de la meme faqon 
qu’ime solution a 1 g./litre. 

La temperature devant probablement jouer un role dans ce 
phenomene, nous avons aussi v^rifil son influence. On verra, d’^res 
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le Tableau V que I’augmentaUon de la temperature, en passant de 20 
k n’a d’autre effet que d’accelerer rapparition d’un palter. 

Par centre, on verra d’apr^s la Tableau VI, qu’un r^roidis> 
sement il 4° est pratlquement sans effet. Les risultats sont les 
mSmes qu’a 20°. 

On pouvait maintenant se demander si la degradation avait la 
memeintensite sur les grandes chaSnes que sur les chaSnes courtes. 
Le Tableau n, que nous avons donni plus haut, ne traduisait que 1'en¬ 
semble duph^nomdne. Nousavonsfractionne un 4chantillon de nitro¬ 
cellulose et mesure la degradation sur la partie non fractionn^e et 
sur differentes fractions. On verra, d’sq)rds les resultats groiq)4s 
dans le Tableau VH que le pourcentage de chute est senslblement du 
mSmeordre de grandeur, quelque soit le d€gre de polymerisation de 
la fraction. 

TABIiE!AlT II. Degradation de la Nitrocellulose Tractionn^e 


Frac¬ 

tions 

Nombre de 
jours 

DP 

Frac¬ 

tions 

Ncmbre d© 
jours 

DP 

1 

0 

1660 

12 

0 

320 


1 

1U50 


10 

250 


11 

910 




3 

0 

1500 

14 

0 

290 


10 

6so 


9 

200 

5 

0 

TIC 

15 

0 

270 


10 

470 


10 

170 





25 

150 

8 

0 

420 

18 

0 

76 


10 

280 


8 

71 


Nosessais personnels nous ont done convain 9 us que la nitro¬ 
cellulose en solution ac^onique se degradait rapidement et profoud^- 
ment au bout de quelques jours. De nombreux auteurs et non des moin- 
dres semblent negliger syst^matiquement ce phenomena. Heureuse- 
ment, nous en avons trouve beaucoup d’autres qui I’avalent observe. 
Nous n’avons pas I’intention de passer en revue tous leurs travaux et 
nous nous contenteronsde renvoyer le lecteur aux travaux personnels 
et i I’excellent resiuni que purlin fait de la question dans le traits 
deOtt ("Cellulose and Cellulose Derivatives,'^p. 886). II est arrive i la 
conclusion suivante: "As a result of these observations, it appears 
very likely that the degradation of nitrocellulose is a chain reaction 
catalyzed by bases,..." 

Quelques lignes plus loin, S);>urlin ajoute: 

"The base- and solvent-catalyzed degradations of nitrocell¬ 
ulose in solution thus appear to be internal oxydation-reduction 
reactions involving scission of the chain." 

Ces observations sont en contradiction avec I'hypothese de 
Mathieu (8). 
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Nous abordons ici une question qui a fortement discutee 
ces dernleres annees; Les derives cellulosiques existent-ils, en so¬ 
lution dilute, al’^atde micelles ou a I’^at de chines indivlduelles? 

D’aprdsMathieu, le derive cellulosique en solution formerait 
des paquets de molecules ou micelles gonflees par le solvent.^ Par 
repos, il y aurait tendance & la separation des molecules et a leur 
dispersion. La dispersion serait d’autant plus grande que la solution 
est plus dlluee. Cette dispersion serait loin d’etre immediate, m@me 
HnnB les solutions tres diluees. n faudrait plusieurs Jours pour que 
I'^tat d’^quilibre soit atteint. La dispersion complete ne serait atteinte 
qu’apr^s des temps tr%s longs. 

TABEBAD HI. Degradation de la nitrocellulose en Solution 
acAtonigue Conserves dans un Flacon de verre 
Alcalin 


Nooibre de 
jours 

I 

DP 

II 

Ill 

0 

810 

81*0 

850 

2 

760 

- 

- 

3 

- 

760 

800 

4 

700 

- 


6 

61^0 

680 

- 

7 

- 


700 

9 

- 

6k0 

- 

10 

500 

- 

640 

12 

520 

- 

- 

Ik 

1*80 

520 

560 

18 


k6o 

- 

20 

580 

k20 

- 

26 

- 

- 

580 

- . ✓ 


End’autresmotSjCecirevienta dire que la chute de viscosite, 
enfonctlon du temps observes sur les solutions cellulosiques, serait 
unphenomdne purement physique, lalssant aux chaines leur longueur 


initiale. 

Nous ne sommes pas de cet avis. 

II est blen certain, evldemment, que la dissolution conapiete 
d’un derlv6 cellulosique n’est pas une chose raplde. Mals, deja en 
1932, Staudinger (9) ecrivait que chaque molecule de cellulose ou de¬ 
rives est libreen solution suffisamment dlluee. Sielle s’associe avec 
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I’uneou I’autre de ses volslnes, Pagltation thermique brise imm^di- 
atement cette association. 


TABUMU 17. Degradation de la 
nitrocellulose en solution 
dilute 


Hoaibre de DP 

jours 


0. 810 

6.700 

12.600 

20.500 

30. 400 


•SKBI3UD V. Degradation de la 
nitrocellulose en Solution a 
60 “ 


Nonibre de DP 

jours 


0.850 

5.700 

10.600 

25.300 

50.l40 

75.l40 

100.140 


D’aprds purlin (10),les partisans de la theorie des micelles 
ont fini par se rallier, a peu pr^s tons, i la conception moleculaire 
de Staudinger. 


TABIiBAJ VI. Degradation de la 
nltrocelltilose en Solution, 
malntenue a 4 “ 


Nombre de DP 

jours 


0. 840 

4 .780 

10.700 

14 . 640 

30.470 


Dans ces conditions, d’apres les divers travaux sur la ques¬ 
tion et nos nombreux essais personnels, nous croyons pouivor dire 

TXBIKfflJ 7II. Degradation d'une Nitrocellulose avant et apres 
Practloimement 


Degre de polymerisation 

Non fractl onnl Fract ion 2 Fraction 6 Fraction 12 Fraction I5 
DP Perte DP Perte DP Perte DP Perte DP Perte 


0 

950 

29.^ 

1980 

29 . 5 Si 

810 

283 t 

420 

240 

28.ef, 


15 

670 

23 . 8 it 

1400 

28 . 5 ^ 

530 

24 . 3 )t 

300 

170 

26 . 65 ^ 

25 . 9 l> 

30 

510 


1000 


430 


220 

125 



que la chute de viscosity des solutions acetoniques de nitrocellulose 
est un ph^nomene d'ordre avant tout chimique. 
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La degradationdont la vitesse pent etre grande au debut, peut 
fortement influencer Texactitude des determinations faites sans en 
tenir compte. 

Ce qui est malheureusement plus grave, c'est toutemethode 
de mesure (et par consequent, tous les resultats de ces mesures) 
ou le role principal est joue par une solution acetonique de nitrocel¬ 
lulose, est, a priori, inexacte si la duree de la mesure depasse quel- 
ques heures. 

En ce qui nous concerne, nous nous sommes mis a Tabri de 
ce reproche, Comme on le verra plus loin, nous ne dissolvons notre 
nitrocellulose qu*au moment de la mesure. La duree des operations 
ne depasse pas deux heures. Nous ne croyons pas qu’un temps aussi 
court puisse pratiquement influencer nos resultats. 


IV. La Mesure de la Viscosite 


Nous nous servons d'un viscosimetre du type Ostwald, dans 
un thermostat a 20^ ± 0.02. 

D^apresPoiseuille, si g est la constante de la pesanteur, h la 
difference moyenne des niveaux occupes par le liquide dans les deux 
branches du viscosimetre et p la densitedu liquide, r le rayon du cap- 
illaire, V le volume ecoule pendant le temps t, la viscosite absolue 

vaudrait: ^ 

nr ghpt 


r\ =■ 


81V 


La viscosite relative d^une solution vaudrait alors: 

pt 

’ Poto 

La viscosite intrinseque devient done: 


h] = lira 
c-o 


(pt/Poto) 


( 1 ) 


( 2 ) 


(3) 


La viscosite intrinseque etle poids moleculaire ainsi calcules, 
seraient alors independants du viscosimetre employe. 

La pratique e}q)erimentale demontre cependant le contraire. 

On salt, en effet, que trois causes principales d’erreurs sont 
possibles: la turbulence, le gradient de vitesse et l'acc6leration. 

On se met assez facilement a I’abri de la premiere. Quant a 
la deuxieme, Staudinger et Sorkin (11) ontmontreque, pour les so¬ 
lutions acetoniques de nitrocellulose, la valeur de I’esqpression de 
Kroepelin: gv 


devait Stre inferieure a 500 pour que I’erreur devienne negligeable. 

L’application de la correction d’accelerationd’Hagenbach (12) 
est plus delicate, car elle amdne des complications longues et en- 
nuyeuses dans les calculs. C’est sans doute pour cela que certains 
auteurs la negligent. En faisant cela, ils s’exposent i commettre— 
comme on le verra plus loin - des erreurs fort importantes. Nous 
avonstournela difficult^ en operant et en raisonnant de la faqon sui- 
vante: 

D’apres Hagenbach, on a: 

nr*ghpt VpB 
’ 81V Sirlt 

ejqpression dans laquelle m vaut environ 1 dans notre cas. 


(4) 
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Appelons 17 'la viscosite absoluenoncorrlg^ede I'erreurdue 8 
l*accel4ration. Nous aurons dOs lors: 

n V* 

- * 1 n— 4 — (5) 

n' n t*gr*h 


En rempla^ant dans I’equatlon 5, V par savaleur tlr 8 e de Pexpresslon 
4, nous aurons: 


n' 


(1 ♦ A)*'*- 1 
A/2 


( 6 ) 


dans laquelle: 


A 


pV^ 

1611 ‘‘l* 


Enmoyennegs 981 et les valeurs de ^ et de 77 sont flx^es par 
le liquide. 

La correction ne d^endplus que du rayon du capiUaire. Pour 
I’ac^one p s 0.794 et 17 ■> 0.00337. 

La figure I montre alors la correction correspondante. 



RAYON EN CM. 


Fig. 1. Variation du rapport 
Ti/il' en fonctlon du rayon 
caplllalre. 


Comme 17 ^ Vo* aurons de nouveau, pour les vis> 
cosit4s relatives coriigees et non corrlg 4 es 

nr/nr - Ain' • no/n© (7) 

En remplacant dans I’expression 7 les rapports 77 / 17 'et 11 ^/% 
par leurs valeurs tirees de I'equation 6 nous aurons: 


Tir/ni 


2 


Ir 


Pb [1 AoIpVti^Po*)]*^’*- 1 
P* (1 ♦ Ao)*'*- 1 


R 


( 8 ) 


dans laquelle: 

Ao • (Pb7ril)(r*gh/l6p*) 

Pour les solutions ac4tonlques, p^ « 0.794 A Vo ~ ^'^337. 

Lafigure 2 montre les courbes pour des capillaires different^ 
de la variation du rapport 77 / 77 'j. en fonction de la viscosity relative 
77 ^ . On peutcalcuier que pour une viscosity relative Igaleil 3, le fait 
de passer d’un capiUaire de 0.01 cm. iunciqiiUaire de 0.05 cm. permet 
uneerreurdel'ordrede3i%,sionnetientpas compte de la correction 
d'acc4leration. 


D'aprds I'eiqiression 2, nous savons que: * Pt/Poto 
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Dans cette expression, le rapport p/p^esi voisin de rimlt^ 
pour les solutions assez dilutes. 

En effet, d’apres Jullander (13), le volume speclflque parti el 
de la nitrocellulose dans Tac^tone est egal a 0.569. Comme d’autre 
part, pour Tac^tone p^ = 0.794, nous aurons pour une solution de c 
grammes au litre; 

p/Po = 1 0.000694 C (9) 

Dans la figure 3 nous avons mis en courbe les valeurs de la 
viscosite relative non corrigee en fonction de la viscosite relative 
corrlg^e,pour descapillairesdifferents. La correction afaire appa- 
rait tr^s nettement. 




Fig. 2. Variation de la valeur 
nr/^lr fonction de la vlsco- 
site relative corrigee pour dlf 
ferents caplllalres. 


Fig. 3. Variation du rapport 
t/to en fonction de la vlsco 
site relative corrigee. 


La viscosite specifiquecorrigee vaut, d'apres Te^qpression 8: 


n • - r\* - 

’ap ’’r 





( 10 ) 


Nous aurons done, pour les viscosites specifiques corrigees 
et non corrigees: 


HiE ■ R _Ilia- 

’^;p ’'.p * 1 - R 


■ s 


( 11 ) 


La figure 4 donne la variation du rapiwrt “^spIVm en fonction 
de la viscosite specifique corrigee pour differents capillaires. La 
figure 5 donne la variation de la viscosite specifique non corrigee, 
calculee grace i I’eiqiression n,p = jt/to) - i en fonction de la 
viscosite specifique corrigee pour differents capillaires. 

II suffiradonc decalculer, unefoispourtoutes, avant une serie 
d’experi^nces, les valeurs de R (e^quation 8) et celles de S (equation 
11 ), pour avoir (Urectement la vr^e valeur de ‘>?sp en connaissant 
la v^eur eaperimentale, “ (t/t©) - i mesuree sur une solution 
diluee et le rayon du capillalre. 


Pour r = 0.01 cm., on a n*,p ' 'i.p 
Pour r * 0.02 cm., • o.98n„ 

•P •4' 






300 


P. HERRENT ET R. GOVAERTS 


Pour les c^illaires de plus large rayon, la correction croit 
si I’on opere en solution plus dlluee.* ^ 

Le Tableau sulvant donne les valeurs de v'sp correq;K>ndant & 
des flip deO.l a 2 pour des caplllalres de rayon 0.03 cm. et 0.04 cm. 

’?sp = 0.1 '’?sp = 0.5 ’^sp ® 1 Vsp “ 2 

r = 0.03. 0.089 0.451 0.909 1.838 

r = 0.04. 0.074 0.380 0.778 1.595 

Cette faqondeproc^derest beaucoup plus simple et beaucovg) 
plus rapide, tout^ en permettant d'attelndre les vrales valeurs de la 
viscosite intrinseque. 




Fig. 4. Variation du rapport 

nsp/^sp *1 fonction le 

pour difterents capillaires. 


Fig. 5. Variation de la visco¬ 
site specifique non corrigee 
en fonction de la vlscoslte 
specifique corrigee. 


Eneffet, pour determiner la viscosite intrinseque, nous nous 
sommes servis de la formule de Govaerts et Smets (14): 

[n] --8- (12) 

c(i + ngp/i^s) 

dans laquelle k 2 » 150. 

Cette formule permet de d^erminer les viscosit^s intrln- 
seques, mime en solution concentree. 

Laformule 12 s’applique bien aux solutions acetoniques de ni¬ 
trocellulose. 

L’eiqiression 12 peut s’ecrire: 

i/c = kiCn] + hld/ngp - Tisp/150) ds) 

Ou, enportant dans undiagramme les valeurs de 1/cenordon- 

^On en troiivera d'ailleurs la preuve experimentale dans un travail 
qul sera publi^ prochalnement dans la revue RESEARCH (London, 
1949), “La Viscosity de Structure de la Viscose,” par P. Herrent et 
F. Mouraux. 
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n^esetlesvaleursde la difference [(i/rig.) - (ngp/iso)] enabscisses, 
nous obtenons une drolte. 

On determine aisement et c pour les fractions de nitro¬ 
cellulose dissoutes dans I’acetone ^ 20 ^. La correction de densite, 
dans le cas de solutions concentrees, se fait gr^e a la formule 9 . 
Le graphiquedelafigure 6 se r^porte ^ quatre d’entre elles, a tit- 
re d’exemple. Nous obtenons desdroites. Lefait d’avoir obtenu ain- 
si des droites nous permet de deduire par I’eiqpression 13 la valeur 
de kj pour une valeur de [(i/ngp) - (ngp/iso)] extrapolee a zero, la 
valeur de [t;] moyenne, nous etantdonnee par rinclinaison des droites. 
Les valeurs de [ 77 ] se calculent alors par I’e^qpression 12. 



Fig. 6. Determination de [n] • 

Nous avons constate experimentalement que la valeur de kj 
restelameme pour toutes les fractions d’un meme echantillon et pour 
I’echantillon lui-meme non fractionne. 


Nous avonsprocedede la meme fa^on avec des resultats d’au- 
tres auteurs, que nous avons trouves dans la litterature. Les chlffres 
de Doyle, Harbottle, Badger, et Noyes (15), recalcules par nous, grace 
a I’eiqiression 12, sont traduits en courbe dans la figure 7 et ceux de 
Jullandef (16) dans la figure 8 . 

Onconstatera que I’on obtient des droites exactement comme 
Hang la cas de nos propres determinations. Afin de rendre les chif- 
fres plus explicites encore, nous avons eiqiressement choisi parmi 
les chiffres de Jullander ceux se rapportant aux solutions concen¬ 
trees. 

D’autre part, en calculant les valeurs de [ 7 ;] par la formule 


classique: 


M 


lln 




on obtient des chiffres pratiquement comparables a ceux que 1 on ob- 
tiendrait en calculant I’lnclinalson de nos droites. ^ 

La boime concordance que nous avons trouvee entre les chif¬ 
fres calculus suivant les deux m^thodes, nous a confirmes dans la 
confiance que nous pouvlons accorder a I’expression 12 . 
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Toutefois, siles vlscoslt^s sp^iflques sont inf^rleures il.5, 
nous nous servons de la formule de Schulz-Huggins: 


[n] 


C(1 


^SD 


(14) 


♦ kT^gp) 

L'exactitude de cette formule slmplifl^ est sufflsante en so¬ 
lution diluee. 

D’aprds SchulzetBlaschke (17), k & 0.315 enmoyenne pour la 
nitrocellulose dans 1'acetone. 

Comme I’eapression 12, la relation 14 permet d’ohtenir une 
bonne valeurde la viscosite intrinseque, grSce a une seule mesure de 
la viscosite spicifique. 

Si nous recalculons, par la formule 14 par exenqile, les rl- 
sultatsde Doyle, Harbottle, Badger, et Noyes (IS)et ceux de JuUander 
(16),onobtient des viscosit^s intrlnsSques, pratiquement semblables 
pour les solutions diluees ou 1*5. 

La formule 12 nous a donne toute satisfaction, mSme, et sur- 
tout, en solution concentres. 

Toutefois, on corrigeralechiffre experimental de ['>;] non pas 
suivant la mithode de Schulz (18),basle sur des approximations qui 
nous paraissent,pourlemoins,discutables, mais en se servant de la 
methods que nous avons exposes plus haut. 




A titre d’exemple, on trouvera dans la figure 9 les courbes 
pirovenant d’lme pate de sapin pour viscose. La couilxe marquee de 
cercles a ete traces pour les resultats non coriiges d’un viscosi- 
m^re, dont le capillaire avait im rayon de 0.0366 cm. La couiixe 
marquee de crolx est cells de la m^me solution mesur^e cette fois 
(sans correction), avec un vlscosim^re dont le capillaire avait un 
rayon de 0.0301 cm. On remarquera que I’ecaii est nettement visi¬ 
ble. 

Dans la figure^ 10, au contraire, nous avons mis en courbe les 
m^mes resultats experimentaux, mais apres les avoir coriiges sui - 
vant notre m^hode. 

On remarqueraque les cercles et les croix viennent se mettre 
sur une seule et m@me courbe avec ime excactitude largement suffi- 
sante. 
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POIDS MOLECULAIRES POIDS MOlicULAIRES 

Fig. 9. Polydlspersltl non Fig. 10. La nSme polydisperslte 

corrlg^e d'une pSte de sapin corrlgle sulvant notre methode. 

avec deux caplllalres dltf€- 
rents. 

VI. La Ditermlnation du Polds Moleculaire 

Nous avons adopts, pour la determination des poids molecu- 
laires, la formule classique: a 

h] =» kM 

Grice i notre nouvelle methode de correction, nous etions 
surs de la valeur de . 

Pour trouver les valeurs de k et de or , nous nous sommes liv- 
res i une large revue critique des travaux d’auteurs bien connus 
(Dobry, Duclaux, Staudinger, Schulz, Mohr, Meyer, Wolff, Wannov, 
Blaker, Badger, Noyes, Jullander, etc.). 

Nous ne pouvons evidemment, reproduire ici ce vaste travail 
de compilation, nous en donnerons slmplement les r^sultats. 

Bien que nous ayions pris la precaution de recalculer les re- 
sultats ejqierimentaux des differents auteurs, afin de ne comparer 
entreellesquedeschoses qul solent strictement comparables, on est 
frappe, aprSsun travail de ce genre, de constater combien est grande 
la diversite des chiffres auxquels on aboutit et on est oblige de con- 
clure que ces mesures sont encore fort imprecises. 

On se rend d’ailleurs fort bien compte que les causes d’im- 
precision sont sombreuses. , ^ 

Sans les enum^rertoutes, nous citerons notamment: I’hetero- 
genelte, le degri de nitration, I’origlne, le traitement subi par les 
dlfflrents echantillons. Certains auteurs, que nous avons cites plus 
haut, se sont attaches a d^inir I’influence de tel ou tel facteur sur la 
valeur des constantes. A ces differents facteurs, nous en ajouterons 
un, dont, semble-t-ll, on n’a pas mesure, jusqu’i present, a sa juste 
valeur,toute I’importance: la degradation de la nitrocellulose en so¬ 
lution acetonique. 

En attendant depouvoirfaire nous-memes, des mesures com¬ 
paratives (travail en cours), nous avons choisi pour notre cas, la 
valeur qui nous paraissait la plus probable: 

k = 10"^ avec Igal a 1. 
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En operant ainsi, nous ne pourrons Jamals commettre, 4ven- 
tuellement, qu’unefaible erreur, sur lavaleur absolue du polds molec- 
ulaire. 

Nouspourronsd’aUleurs,touJours, si nous deslrons avoir des 
dlagrammes qul soient vrals en valeur absolue, les tracer, non plus 
en fonction du degre de polymerisation, mals en fonctlon de la vis¬ 
cosity Intrinseque corrlgle. 

Vn. Les IXagrammes 

Les methodesde presentation des resultats de la polydisper- 
site, sont classlques: Connaissantle polds de chaque fraction et leur 
viscosite intrinsdque, on trace la courbe d'integration, en prenant 
comme ordonees I’lntegrale f nid/[‘i 7 ]j[ dans laquelle ni est la frac¬ 
tion de viscosite intrihseque et comme abscisses, la viscosite 
intrinseque [tjQ . 

GrUce h. la mise au point de details de la methode et aux pre¬ 
cautions qui se sont revelees absolument necessaires, ces courbes 
sont parfaitement reproductibles et trois operateurs differents ob- 
tiennent des resultats strlctement comparables. 

Admettant que [‘ 17 ] = 10~3 P lorsque les concentrations sont 
ejqsrimees en gramme de nitrocellulose au litre de solution acetonique, 
on en deduit la courbe de repartition en fonction de P|. C’est la 
courbe en cloche, classique egalement. Ces courbes en cloches et en 
particulier leurs maxima etant tres sensibles aux variations, meme 
faibles, de la courbe d’integration, nous avons prefers employer un 
mode de presentation discontinu. Nous avons trouve que cette pre¬ 
sentation etalt plus ‘‘parlante” et d’une interpretation plus facile. 

Pour les besoins courants de la fabrication, nous avons arbl- 
tralrement Umite le nombre de fractions dans la representation gra- 
phique. Ayant la courbe d’integration a notre disposition, nous pouvons, 
encasde besoin, multiplier i notre gre, le nombre des fractions rap- 
portees sur le diagramme. 

Nousdonnonsci-apres^titred’exemple (figs. 11-14), quelques 
dlagrammes de repartition de pSte brute et de p3te tr utee a la cuprl - 
ethyldne diamine. 
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Fig. 11. PSte brute pour rayonne Fig. 12. La a&ne p&te tralt4e 1i 
baute tenaclte. la cuprl. 


U s’aglt depStes de sapin suedoises, de fournisseurs differents 
et destinees a des fabrications differentes (viscose, acetate,rayonne 
haute tenaclte, etc.). 

Bienqu’ils’agisse dans les deux cas, de piles ennoblies, pro- 
venant du memefournisseur,onremarquerala difference dans la re¬ 
partition des chatnes, surtout apris le traltement i la ctqsriethyllne 
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diamine. Ceci n’a rien qui doive nous etonner, etant donn^ que ces 
deux pates ripondent k desbesoins differents. Le fabricant de pSte 
asuconserver^lapttedestin4ek la fabrication du fil viscose a haute 
tenaciti, 50% de chaunes d’un degr4 de polymerisation superieur a 
500. Pour la pSte destinee a la fabrication de I’acetate, la question 
des longueurs de chaanes pouvait avoir moins d’importance, le but du 
fabricant etant surtout de nous fournir un mat4riau soigneusement 
4pur4. 



p 

Fig. 13. P9te brute pour acetate 
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Fig. 14. La mine pSte traitee a 
la cuprl. 


Onremarqueradansla figure 16 que la teneur en chaunes d’un 
degre de polymerisation superieur a 1000, est de 5.5%. Nous avons 
pu etabllr sur de nombreux echantillons que (toutes autres conditions 
egales d’ailleurs), les pttes ordinaires pour rayonne, traitees a la 
cupriethylene diamine, dont la teneur en chaine d’un degr4 de poly- 
mlrisation superieur ^1000, etait egale ou inferieure a 5%, se com- 
portaient generalement bien en fabrication. 

On verra, par contre (fig. 18), une pate a 11.5%et (fig. 19),une 
pate a 17.5% de chaines d’un degre de polymerisation superieur a 
1000. Ces deux pStes se sont tres mal comportees en fabrication. 



Fig. 15. FSte brute ordinaire 
pour rayonne. 



Fig. 16. La nine pSte traltle 
a la cupriethyllne diaalne. 


D semblerait que Ton puisse etablir une correlation entre ces 
deux faits: haute teneur en chaines trSs longues et mauvais comporte- 
ment en fabrication. Notre ejqi^rience, dans ce domains, est encore 
Insuffisante, I I’heure actuelle, pour oser affirmer la chose. Nous 
feronsremarquer,toutefois,que I’on Pj^ trds Men s’eiqiliquer com¬ 
ment une teneur 4levee en longues chaines peut venlr perturber dans 
le sens que nous 1’avons observe, une fabrication dont les normes ont 
4 te fixees, pour une pate, a faible teneur en long;ues chaines. 

Nous poursuivons d’ailleurs nos experiences dans ce sens. 
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Le dlagramme ISdonne la repartition des chauws dans un fil 


de rayonne viscose. 



p 


Pig. 17. Fite brute ordinaire 
pour rayonne. 



P 


Fig. 18. La nSie ptte traltfie li 
la cuprlithylene dlanlne. 



P 

Fig. 19. I4te ordinaire pour ray 
onne traltle i la cuprlSthylSne 
dlanlne. 



P 


Fig. 20. Pll de rayonne viscose. 


Vm. Conclusion 

Nous avons cherch6 i donner plus de precision et alnsi plus 
d’exactitudeaux details d’unemithodede determination de la longueur 
des chsunes d’une cellulose provenant de pSte de sapin. Ces courbes de 
polydispersite sont actuellement, tout 3 fait, reproductibles. Nous 
I’avonsfait dans le but d’en tirer des renselgnements pratiques pour 
lafabricationde rayonne viscose et acetate. NOus avons montre, par 
des exenqiles, quel genre de renselgnements importants on pouvait 
deji en tirer. 

Nous avons particulierement insiste sur I'inqmrtance qu*il 
fallait attacher; 

1. A la degradation profonde et rapide que subit la nitrocel¬ 
lulose en solution acetonlque. 

2. A la correction d’acceleration dans les determinations de 
la viscosite des solutions acetoniques de nitrocellulose. 
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Resumi 

Nous avons etudie une mithode pratique et simple, dont les 
resultats soient parfaitement reproductibles, de determination de la 
repartition des longueurs de chaines de la cellulose provenant de 
pates de bois differentes. Cette methode nous permettra de mieux 
comprendrel’influence des differents facteurs de fabrication sur les 
qualitls mecaniques de nos produits finis. 


Synopsis 

A practical and simple method, with perfectly reproducible 
results, has been studied for the determination of chain-length re¬ 
partition of cellulose samples from different wood pulps. By this 
method, it shall be possible to understand the influence of different 
factors governing the manufacture and the mechanical properties of 
our end products. 


Zusammenfassung 

Eine praktische und einfache Methode, mit ausgezeichnet 
reproduzierbaren Ergebnissen, zur Feststellung der Verteilung der 
KettenlSngen von verschiedenen Zellstoffproben wird entwickelt. 
Mit Hllfe dieser Methode wird es ermbglicht, den Einfluss verschiede- 
ner Faktoren, auf die Fabrikation unserer Produkte und deren 
mechanische Eigenschaften zu verstehen. 
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INTRODUCTION 

The polymerization of isoprene in bulk to give rubbery poly¬ 
isoprene of high molecular weight which can be vulcanized to a fair¬ 
ly high quality synthetic rubber has been described by Salomon and 
Koningsburger (1). If the polymerization is carried out only'to low 
conversions, and particularly in the presence of chain transfer agents 
(modifiers), liquid polyisoprene of low molecular weight can be pro¬ 
duced. In the molecular weight range up to about 1200 these liquid 
polymers can be readily poured at room temperature. It has been 
foundpossible to vulcanize these liquids to rubbers of reasonable 
physical properties with very slight shrinkage. 

In particular, it has been found possible to vulcanize these liq¬ 
uids at room temperature, with dithioladipic acid and dithiolsebacic 
acid. 

The most convenient catalyst-modifier system proved to be tert- 
butyl hydroperoxide and dodecyl mercaptan. The molecular weight can 
be controlledbyvaryingthe monomer-modifier ratio and the extent of 
conversion. 

In the following pages data on molecular weight as a function of 
monomer-modifier charge ratio and conversion are presented for the 
system, isoprene, dodecyl mercaptan, tert-butyl hydroperoxide. Den¬ 
sity and viscosity data are given for various molecular weights. Fi¬ 
nally, various vulcanization recipes are discussed. 

EXPERIMENTAL 

Materials 

The isoprene used was a commerical grade obtained from New¬ 
port Industries, Inc. The isoprene was purified by simple distillation, 
being collected in the range of temperatures from 33 to 35®C. 

*The research reported here was sponsored jointly by the Army, Sig- 
nalCorps, Navy, Bureau of Ships, Bureau of Ordnance, Bureau of Aer¬ 
onautics, and Office of Naval Research under Signal Corps Contract 
No. W-36-039-SC-32011. 
tPresent address: Bristol, Pennsylvania. 

**The authors wish to thank Dr. Cunneen of the British Rubber Pro¬ 
ducers Research Association who pointed out the remarkable vulcan¬ 
izing properties of this substance and who supplied us with a sample. 
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The dodecyl mercaptan was obtainedfrom Hooker Electrochem¬ 
ical Company. R consisted of a mixture of straight-chain twelve and 
thirteen carbon mercaptans and was used without purification. 

The tert-butyl hydroperoxide and tert-butyl perbenzoate were 
obtained from the Union Bay State Company and used without purifi¬ 
cation. 

Thedithioladipic acid was prepared after the procedure of Sun- 
ner and Nilson (2). The crude product was isolated from the ether 
extract rather than by recrystallization. Dithiolsebacic acid was 
prepared by the same method starting with sebacyl chloride. 

Monsanto plasticizer HB-40, a high-boiling liquid hydrocarbon 
of the hydrogenated terphenyl type, was used as obtained. 

Method 

All polymerizations were carried out in bulk in sealed Pyrex 
glass 25 X 250 mm. tubes. The tubes were charged from two-thirds 
to three-quarters full, cooled in Dry Ice, sealed in air, and heated in 
iron pipes in a specially constructed electric heater with the temp¬ 
erature controlled to tl^C. for the required time. Upon removal 
from the heater the tubes were cooled in Dry Ice, opened, and mono¬ 
mer removed in one of the two following ways. 

Inprocessing single tubes, the contents was poured into a 50- 50 
mixture of methanol and acetone (500 ml./50 g. monomer) in order 
to separate the polymer from any unreacted monomer and mercaptan. 
The polymer precipitated as an oily layer at the bottom. The super¬ 
natant liquid was removed by decantation, and the polymer heated at 
60-70°C. under an 18-20 mm. vacuum and finally under a 1-2 mm. vacu¬ 
um until constant weight was obtained, ^ot tests for mercaptan on 
polymers treated in this way gave negative results. 

When larger batches were being prepared for vulcanization stud¬ 
ies, etc., a different procedure was used for economy of solvent. The 
contents of the tubes were passed through a steam-heated spiral con¬ 
denser into a suction filter flask heated in an oil bath at 150°C., the 
entire assembly being subjectedto an lS-20 mm. vacuum. The mono¬ 
mer-polymer mixture was added slowly so that most of the monomer 
was removed while the mixture was passing through the spiral con¬ 
denser. After about 6 hours at 18-20 mm., the flask was subjected to 
a 1-2 mm. vacuumfor about 18 hours. Polymers isolated by the first 
method will be referred to as precipitated polymers; those processed 
by the second method will be referred to as unprecipitated polymers. 

The principal difference between these two methods is that the 
former removes some of the very low molecular product, so that for 
agivenmonomer-modifier ratio the molecular weight is slightly high- 
erandthepolymermoreviscouswhentheprecipitation method of iso¬ 
lation is used. 

The number-average molecular weights were determined cryo- 
scopically in benzene solution. The amount of unsaturation was de- 
terminedlqr addition of bromine (3). The sulfur analyses* were per¬ 
formed by the method of Cheyney (4). Viscosities of the liquid poly- 


*The authors wish to acknowledge the assistance of Mr. D. C. Kane 
who performed these analyses. 
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mers were determined with the Brookfield instrument/ Densities 
were determined by a pycnometer at 20^0. 

In a typical run using a 50-1 monomer-mercaptan mole ratio, 
75 g. isoprene, 4.65 g. dodecyl mercaptan, and 0.35 g. tert-butyl hy¬ 
droperoxide were charged in a standard Pyrex tube^and heated for 
24 hours at 1350C. There was a 65% yield of imprecipitated polymer 
of cryoscopic molecular weight 1050. The Brookfield viscosity was 
50,000 centipoises. 

DISCUSSION AND RESULTS 

Theperoxide-catalyzedpolymerizationof isoprene proceeds by 
a radical chain mechanism of the following type: 

Initiation Catalyst —^ R* 

1 ^ 

Growth R- + CHj-C—CH*“CH4 —-—► 

R-CHj-C-CH-CHj ► —► RMp • 

CHo 

Ternlnatlon RM^- + RMp’ —►RMjj+pR 

RMn' + RMp-►RMn + RMp 

Both 1,4 and 1,2 addition are known to occur in diene polymer¬ 
ization (5). In addition, branching and cross-linking take place by rad¬ 
ical addition to unreacted double bonds. As has been recently shown 
(1), if the conversion is carried out to sufficiently high percentages, 
cross-linked products will be formed. 

Chain transfer agents, such as mercaptans, have been shown to 
control molecular weight without retarding the rate of reaction by re¬ 
acting with growing radicals as follows: 

RMn* + RSH-3L-*-RMnH ♦ RS- 

CH, CH« 

RS- ♦ CH4-C-CH-CHa —► R-S-CH»-C«CHa-CH 2 ’ 

The theory of chain transfer has been developed by several au¬ 
thors (6,7). If the specific rate constants for chain tranter and chain 
growth are k>p and k 2 , respectively, then, at a time when the molar 
ratio of monomer to transfer agents is (M)/(S), the degree of poly¬ 
merization of the polymer being instantaneously formed is: 

ICa(M)/kx(S) 

In the case of the polymerization of isoprene in the presence of dodecyl 
mercaptan, the ratio of lopAo larger than unity, so that the mer¬ 
captan is used up more r!y)idry than the monomer, and the degree of 
polymerization increases with increasing conversion. Cryoscopic 
molecularweightsandper cent conversion at different times are given 
for various mercaptan-monomer molar ratios in Table I. The con- 

♦The authors wish to acknowledge the assistance rendered by the 
Thiokol Corp. in allowing us the use of their Brookfield viscometer. 
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version is expressed as weight per cent based on the total charge of 
monomer and modifier. All runs were made at lOQOC. with 0.46 weight 
per cent tert-butyl hydrcqperoxide as the catalyst. 

It is clear from a stucfy of Table I that the precipitation tech¬ 
nique removes some of the very low molecular materials beyond those 
removed by evacuation. This was further verified by extracting the 
uiq>recipitated polymers with the same amount of ethanol-acetone 
mixture that would have been used had they been precipitated. The 
insoluble precipitated portion of the polymers was brought to constant 
weight under vacuum and heat. The supernatant liquid was distilled to 
remove the methanol and acetone and then heated under vacuum. The 
results are shown in Table n. 


TABLB II. Bztractlon of Polylsoprene vlth Methanol-acetone 


(S)/(M) 

Mol. vt. 

Per cent 
Soluble 

Mol. vt. 
soluble 

Per cent 
Insoluble 

Mol. vt. 
Insoluble 

l/lO 

590 

47 

320 

53 

450 

1/20 

630 

25 

550 

75 

850 

1/30 

800 

13 

390 

87 

1000 


STRUCTURE AND PHYSICAL PROPERTIES 


In Table I data are presented on the nature of various polymers 
as calculated from the sulfur analyses and unsaturation determinations. 

The number of double bonds per polymer molecule is calculated 
from the moles of bromine taken up and the cryoscopic molecular 
weight according to the formula: 

(■oles BrgXaolecular weight) 

Nuwber of double bonds -- 

Weight of polyier 

The number of sulfur atoms per polymer molecule is calculated 
from the amount of sulfur present and the cryoscopic molecular weight 
according to the formula: 

(Vt. BsS 04 )(wolecular weight) 
Nu.ber Of S atows per .olecule - (233.4)(Welght of sa.ple)~ 

The results indicate that not every molecule contains a dodecyl mer¬ 
captan tmit, and the number of sulfur atoms per polymer molecule 
decreases with increasing conversion. 

In column Fatheoretical molecular weight is calculated by use 
of the equation: 

Theoretical aol.it. • 210(No. of S atows per wolecule) 

+ 68(No. of double bonds per wolecule) 

The difference between this value and the cryoscopic molecular weight 
should give a measure of the loss of unsaturation in molecular weight 
units within the limits of the eiqperimental error. This loss can pos¬ 
sibly be ascribed to branching, which is known to increase with in¬ 
creasing conversion as does the value for loss of unsaturation deter¬ 
mined, or the low sulfur values may be due to chain transfer with the 
monomer. It is possible that the values in column G are merely the 
result of eiqierimental error. 
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Densities were determined for several of the precipitated and 
ui^reclpltated polymers as shown In Table m. The densities Increase 
with Increasing molecular weight and qiproachthat of natural rubber. 
The polymers precipitated from methanol-acetone show less spread 
In the density values over the range of (S)/(M) ratios than do the un- 
preclpltated polymers, Indicating that the former are probably more 
homogeneous than the latter. The densities of squalene (a hydrocar¬ 
bon composed of 6 Isoprene unlts^ dodecyl mercm>tan, and natural rub¬ 
ber are included for comparison. 

The viscosities of several uiq>reclpltated liquid polylsoprenes 
at IT^^C. as determined with the Brookfield viscosimeter are shown In 
Table m. When In C Is plotted against Mq, the cryoscoplc molecular 
weig^, a straight line Is obtained so that the data fit a relationship 
of the type: In ^ » A -t-BMQ, where A and B are constants. 


TABIZ III. Density end Viscosity Meeusurenents 


(B)/(M) 

Cryoecoplc mol. vt. 

Density 

C, centlpolses 

InC 

l/lO unpptd. 

390 

0.876 

26 

5.258 

1/20 • 

630 

0.887 

223 

5.1107 

1/30 " 

800 

0.895 

1(820 

6.178 

1/50 • 

1050 

0.910 

50000 

10.821 

l/lO pptd. 

525 

0.888 



1/20 " 

650 

0.893 



1/30 " 

825 

0.896 



1/50 •• 

1%00 

0.905 



Squalene 

^^08 

0.86J» 



Dodecyl 





mercaptan 

210 

0.8Jf5 



Natural rubber 

- 

0.92 




VULCANIZATION 


It has been found ( 10 ) that thiol acids of the general formula: 

9 

n-c-sH 

add to the double bonds of olefins and rubber in an antl-Markownlkoff 
addition in the presence of peroxides. In a like manner, cross-linked 
products canbe obtained with dithlol acids and the liquid polylsoprenes 
presumably as follows; 


CH 

I 


9 


'"CH2'“Cfr G“CH2”’ 




0*C>S-H 


-CH2-CH-C-CH2- 

CH3 


peroxide 


-CHa-CH-CH-CHa- 

I 

S 

R 

I 

00 

I 

S 

-CHa-CH-^CHa- 

CHa 


Both dithioladipic acid and dlthiolsebacic acid have been pre¬ 
pared and used in vulcanizing the liquid polyisoprene polymers. It 
has been found that polymers of about 700 molecular weight are the 
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lowest that can be cured to a rubberlike material. The dlthiol acids 
are not compatible with the liquid polymers, but by dispersing the 
acids in an equal weigM of HB-40 plasticizer prior to addition to the 
liquid polymer, a clear or translucent product is obtained. Various 
peroxides were tried, the most satisfactory being tert-butyl perben- 
zoate, since it gave the longest working life and still gave a good cure 
at room temperature. All nonreinforced vulcanizates so far obtained 
have low tear resistance and low tensile strength. 

The standard amount of dithiol acid for purposes of cross link¬ 
age was taken to be one molecule of dithlol acid per two polymer mole¬ 
cules. It was found that smaller amounts down to 0.6, the standard 
amount, do give vulcanized products. With larger than the standard 
amount of dithlol acid, the products are much more tightly cured, with 
consequent increase in hardness and decrease in tear resistance. The 
best cures so far obtained have been with the standard amount of di¬ 
thiol acid and 1% (by weight) of peroxide (based on the liquid polymer) 
for 24 hours at lOO^C. With larger amounts of peroxide (about 5%) 
cures can be obtained in about one-half hour at room temperature, 
but the products darken considerably on aging in a circulating air oven 
at 100°C., whereas the polymers cured with a small amount of peroxide 
at lOO^C. are much more stable to heat aging. Various vulcanization 
formulae and Shore hardness measurements are given in Table IV. 


TABLE IV. Vulcanization of Polylspprenes 


A 

B 

c 

D 

E 

F 

G 

H 

I 

roxyisoprene 

(1100 mol. vt,)100 

100 

100 

100 

- 

- 

100 

100 

100 

( 900 mol. vt.) - 

- 

- 

- 

100 

- 


- 

- 

( 750 mol. vt.) - 

- 

- 

- 


100 

- 

- 

- 

Dithlolsebacic 

acid 6.h 

10.6 

21.2 

13.5 

15.5 

13.3 

- 

- 

- 

Dlthloleidipic 

acid 

- 

- 


- 

- 

20 

10 

20 

HB-40 6.4 

10.6 

21.2 

13.5 

15.3 

13.3 

20 

10 

20 

tert-Butyl per- 

benzoate 2 

2 

2 

2.75 

2.75 

2.75 

1 

2 

20 

Time of cure, 

hours 2 

2 

2 

1 

1 

1 

18 

2 

0.5 

Temperature 

°C. 100 

100 

100 

100 

100 

100 

100 

25 

25 

Shore hardness 1 

11 

25 

7 

2 

1 

14 

1 

10 


Summary 

1. Liquid polyisoprene can be prepared by peroxide-catalyzed 
bulk polymerization in the presence of chain transfer agents such as 
mercaptans. 

2. The molecularweight of the liquid polymers may be regulated 
by varying the ratio of monomer to mercaptan and the extent of con¬ 
version. 

3. These polymers have been characterized as to molecular 
weight, unsaturation, sulfur atoms per molecule, “Brookfield” vis¬ 
cosity, and density. 

4. These polymers can be vulcanized to give rubberlike pro¬ 
ducts by a peroxide-catalyzed reaction with dibasic thiol acids. 
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Synopsis 

By means of chain transfer agents such as dodecyl mercaptan, 
polyisoprenes whose number-average molecular weights range be¬ 
tween 300-1200 and which are liquid at room temperature have been 
prepared. The structure and physical properties ^ these substances 
have been investigated. Viilcanization of these liquids to nibberlike 
materials at room temperature and above is described. 


Resume 

Au moyen de produits provoquant des transferts de chaane, tel 
le mercaptan dod^cylique, on a prepare des polyisoprenes liquides A 
temperature dechambre,etdontlepoids moleculaire moyen est com- 
prisentre 300-1200. La structure etles proprietls de ces substances 
ont ete examinees. La vulcanisation de ces liquides, en un produit 
6lastomdre, a temperature de chambre et au deU, est ^galement 
decrite. 


Zusammenfassung 

Durch Modifikatoren wie zum Beispiel Dodecylmerkaptan 
wurden Polyisoprene mit Zahlendurchschnitts-Molekulargewichten 
zwischen 300 und 1200 hergestellt die bei Raumtemperatur fliissig 
waren. Die StruMur und physikalischen Eigenschaften dieser Sub- 
stanzen wurden untersucht. Die Vulkanisierung dieser Flilssigkeiten 
zu gummiartigen Stoffen bei Raum- imd hoherer Temperatur wird 
beschrieben. 


Received October 20,1948 



Journal of Polyner Science 


Vol. IV, pp. 317-322, 1949 


Change in Crystallinity upon Heterogeneous Acid 
Hydrolysis of Cellulose Fibers* 

P. H. HERMANS and A. WEIDINGER, Institute for Cellulose Research 
of the AKU and Affiliated Companies, Utrecht, Netherlands 


INTRODUCTION 

It has long been known that the sorptive capacity for water vapor 
of cellulose fibers tends to decrease upon treatment with acids in the 
preparation of ‘'hydrocelluloses.” It has also been suggested more 
than once that the percentage of crystalline matter would increase in 
this procedure. 

Recently, Nickerson and Habrle(l) published eiqperiments on the 
treatment of various cellulose fibers with boiling 2.5 N sulfuric acid. 
They followed the loss in weight with time of the fibers and determined 
the matter going into solution in the form of glucose. The sum of the 
two figures yielded the initial weight of the material within 1%. They 
foimd a rapid drop of the sorptive capacity within the'first 20-30 min¬ 
utes of hydrolysis. After that the sorptive capacity remained almost 
constant for a consider able period of time and showed a slight increase 
after prolonged hydrolysis. In conformity with other authors, they 
also found a rapid drop in cuprammonium viscosity of the residual 
fibers within the first 15 minutes of hydrolysis. Upon further hydro¬ 
lysis the viscosity remained practically constant, corresponding to a 
DP of 250-280 in native fibers and 110-130 in rayon. 

Nickerson and Habrle believe that the fibers contain a small 
quantity of amorphous cellulose which is very hygroscopic and which 
isattackedfirstuponboilingwiththe acid. The rapid drop in sorptive 
capacity would correspond to the removal of this portion. Upon fur¬ 
ther hydrolysis only the surface of the crystallites would be attacked 
and this would no longer affect the sorptive capacity. 

This explanation seemsto be very improbable. Since it was ob¬ 
served, for instance, that rayon with an initial regain of 11.9% (at 65% 
R.H.), after having lost 5.6% in weight, exhibited a regain of 8.6%, 
this would mean that 5.6% of amorphous substance would absorb 3.3% 
water or 59 parts of water per hundred. There is no support for such 
an extravagant assumption. 

The present paper deals with crystallinity measurements ac¬ 
cording to our recently published x-ray method (2,3) as applied to 
rayon and ramie fiber hydrolyzed according to the recipe given by 
Nickerson and Habrle. The results show that upon boiling with 2.5 N 
sulfuric acidthe amount of crystalline substance in rayon rapidly in- 


^Communication No. 60 from the Institute for Cellulose Research of 
the AKU and affiliated Companies, Utrecht, Netherlands. 
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creases from about 40% to about 50% within the first half hour, and 
remains constant uponfurther hydrolysis. In ramie, no cryEdallinity 
change could be observed within experimental error. 

EXPERIMENTAL 

A commercial staple fiber andpurifled ramie fibers were boiled 
with 2.5 N sulfuric acid, according to the recipe of Nickerson and 
Habrle.for 1/2,1 V2> su>d 4 hours. After 4 hours the fiber Q)artlcu- 
larly the viscose fibers) were already highly disintegrated so that it 
seemed inadvisable to investigate longer periods of hydrolysis. 

The regains observed (upon absorption) at 65% R.H. are listed 
in Table I together with the loss in weight of the samples. The latter 


TABIE I. Obserred Begain and Lose In Weight Dependent upon Tine 
of HydrolyslB. 


Time of 
liydrolysis, 
hours 

Viscose Fibers 

Bamie Fibers 

Begain^ ^ 

Loss in vt., ^ 

Begain, ^ 

Loss in vt., $ 

Blank 

15.5 

- 

7.0 

- 

1/2 

10.9 

5.6 

6.1 

2.0 

1 1/2 

11.1 

11.4 

- 

4.6 

4 

10.5 

18.4 

6.8 

7.2 


data were taken from the paper % Nickerson and Habrle (1) for vis¬ 
cose rayon and cotton llnters (assuming that ramie behaves like cot¬ 
ton in this respect). 

In Table n the total integrated Intensity Icr (d the crystalline 
peaks, the height Am of the background maximum, and the total in- 


TABUS 11. Intrlnslty l^j. of Badiatlon Diffracted by the 
Crystalline Portion, Height of Diffuse Back¬ 
ground, and Total Diffracted Badiatlon 1. . 
_ tot. 


Time of 
hydrolysis, 
hours 

I 

cr 


^tot. 

Blank 

Bayon 

110 

56 

440 

1/2 

151 

43 

412 

13/2 

160 

41* 

420 

4 

173 

37® 

410 

Blank 

Banle 

202 

26 

410 

1/2 

198 

24* 

4l8 

4 

202 

22 

394 
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tensity Im, of scattered radiation between 29 » 70 and 42° are given, 
as derived from the x-ray observations (all reduced to standard con¬ 
ditions). 



In Figure 1 the results of the x-ray experiments are given in 
graph form (for which see ref. 3). In Table IQ the observed crystal¬ 
linity percentages (xj) from Figure 1 are listed together with the same 
values calculated on the weight of the original substance present be¬ 
fore hydrolysis (x). 

TABIZ III. CzTBtalllnity Percentages Found (zi) and Those 

Corrected for Loss In Weight during hydrolysis (zg) 


Tine of 
bydrolyalSj 
hours 

Vise 080 fibers 

Ramie fibers 

Xx 


*1 



39 

39 

69 

69 

3/2 

52 

^^9.5 

71 

68 

1 1/2 

56 

1^9.5 

— 

— 

k 

60 

49.0 

73 

68 


In a previous paper (4) the Importance of also evaluating the 
half-widthandthe intensity of the two principal equatorial lines in the 
x-ray photographs separately has been demonstrated. The relevant 
data are recorded in Table IV. 

It is recalledthat the half-width values are given in millimeters 
onthefilm(at 40 mm. distance from the qieclmen; pinhole, 0.8 mm.; 
specimenthickness, 1.6 mm.). The experimental error in these fig¬ 
ures amounts to about ±0.1. 

The intensity values listed were all reduced to 39% crystalline 
substance for rayon and to 69% for ramie. 
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TABLE IV. Half-Width (in Millimeters) end Intensity Values of 
the Two Principal Bquatorial lines 


Tim© of 
hydrolysis^. 
hours 

Half-vidth 

Intensity 

Aq 

A3A4 


A3A4 

Blaxik 

2.5 

Viscose Bayon 

3.4 

0.095 

0.94 

3/2 

1.6 

3.2 

0.04 

0.89 

11/2 

1.7 

5.0 

0.07 

0.92 

4 

1.7 

3.2 

0.07 

0.99 


AiAe 

Baml© 

A4 

AiAe 

A* 

Blank 

3.5 

2.8 

0.58 

1.22 

1/2 

2.9 

2.6 

0.46 

1.12 

4 

2.5 

2.7 

0.49 

1.20 


DISCUSSION 

The figures listed in Table in demonstrate that an increase in 
crystallinity takes place in the viscose fibers within the first half hour 
of hydrolysis, amounting to 10 % of the total cellulose originally pre¬ 
sent. In ramie no significant change is observed. It also follows from 
the figures that the substance going into solution comes from the a- 
morphous fraction exclusively, the crystalline fraction remaining un¬ 
changed in quantity after completion of the recrystallization. 

If we take for granted that the regain of cellulose is ^proxi- 
mately proportional to its amorphous fraction (5), then the regain of 
rayon should drop from 13.5 to 10.6%after 1/2 hour of hydrolysis.The 
observedfigureis 10.9 (see Table I). Upon prolonged hydrolysis this 
figure should further decrease and reach 9.0% after 4 hours of hydro¬ 
lysis. This, however, is not corroborated by the observations for 
reasons not disclosed. 

, In ramie the observed change in regain is very small, which is 
again roughly in line with the x-ray data. The figures listed in Table 
IV show thsd the half-width and intensity values of the second equa¬ 
torial line (A 3 A 4 in rayon and A 4 in ramie) are unaffected by hydro¬ 
lysis within ejqperimental error. On the other hand, the first equa¬ 
torial line is affected. 

The half-width of Ao in rayon diminishes in the first half hour of 
hydrolysis, indicating that (apart from the increase in total crystal¬ 
line fraction) a two-dimensional recrystallization (cf. ref. 5 ) occurs, 
accompanied (as usual) with a drop in total intensity. 

In ramie it is seen that in the course of hydrolysis a sharpening 
of the first equatorial line also occurs. In this case, this is probably 
due to a gradual transition of the crystalline portion into Cellulose IV 
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(which Is not surprising in view of the high-temperature treatment). 
In Cellulose IV the lines Aj and A 2 merge into one single line. 

The result of acid hydrolysis, obviously, primarily entails a 
cutting of chains in the amorphous regions. In rayon fibers, repre¬ 
senting an irregular network structure consisting of crystalline 
regions interconnected by disordered chains, the cutting of part of 
these chains seems to remove part of the entanglements and insufficient 
segmental freedom of movement and rotation which prevent further 
crystallization. This eTqplanation has already been suggested earlier 
and we think that it is a reasonable one. 

It seems significant, however, that no similar effect is observed 
in ramie, suggesting that the structure of the amorphous fraction in 
native fibers is of a different nature. 

Some authors have recently attempted to base a method for cry¬ 
stallinity determination in cellulose specimens on acid hydrolysis ex¬ 
periments (6). Apart from the fact that chemical methods aiming at 
the determination of degree of crystallinity are, apriori, likely to yield 
results with doubtful physical meaning, the present results demon¬ 
strate that acid hydrolysis will be particularly unsuitable for such 
purpose in that the degree of crystallinity may be affected by the re¬ 
action itself. 
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Synopsis 

The recently developed x-ray method of crystallinity determi- 
mation is applied to products of heterogeneous acid hydrolysis of 
cellulose fibers. Upon treatment of viscose rayon fibers with boiling 
2.5 N sulfuric acid, the crystalline fraction is increased from 39 
to 49% within half an hour, and remains constant upon prolonged 
treatment. Ramie does not show any change in percentage crystal¬ 
linity when subjected to the same treatment. Its crystalline fraction 
is, however, transformed into cellulose IV. The observed changes 
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in moisture regain of the hydrolyzed products are in line with the 
x-ray results. 


R6sum4 


La methods de determination roentgenographique de la cristal- 
linite, developpee recemment, est appliquee aux produits d*hydrolyse 
acide heterogene des fibres cellulosiques. En faisant bouiUir des 
fibres de rayonne-viscose dans I’acide sulfurique (2.5 N), Infraction 
cristalline s’accroit de 39 i49% enune heure et demie.puis rests 
constants par traitement prolongs. Laramie soumise a un traitement 
semblable, ne presents aucune variation dans le pourcentage de 
cristallinite. La fraction cristalline est, toutefois, transformee en 
cellulose IV. Leschangements observes au cours de I’humidification 
des produits d’hydrolyse,sonten accord avec les resultats obtenus au 
moyen des rayons X. 


Zusammenfassung 

Die neuerdings ausgearbeitete Rontgenstrahlen-Methode fur 
Kristallinitatsmessungen wird auf die heterogene Saurehydrolyse 
von Cellulosefasern angewandt. Wenn Kunstseidefasern mit kochender 
2.5 Schwefelsaure behandelt werden, steigt die krlstalline Fraktion 
innerhalb einer halben Stunde von 39% auf 49% und bleibt dann bei 
ISngererBehandlungkonstant. Bei Ramie wird bei derselben Behand- 
lui^r keine Xnderung im Prozentsatz der Kristallinitat beobachtet. 
Seine krystalline Fraktion wird aber in Cellulose IV verwandelt. Die 
beobachteten Veranderungen in der Feuchtigkeltswiederaufnahme 
derHydrolyseproduktestlmmenmit den Rontgenergebnlssen uberein. 


Received October 27, 1948 
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Osmometry of High Polymer Solutions. 

I, Osmometer and Membranes 

C.R. MASSON* and H. W. MELVILLE, * * Chemistry Department, 
University of Aberdeen, Aberdeen, Scotland 


INTRODUCTION 

In determining number-average molecular weights of high poly¬ 
mers by the osmotic method it is desirable to use an osmometer hav¬ 
ing cells of a large surface/volume ratio, and fitted with capillaries 
of fine bore. Along with suitable membranes, such an osmometer can 
be used to determine osmotic pressures in a reasonably short time 
by means of a dynamic method. 

The type of osmometer designed by Fuoss and Mead (1) is very 
suitable for work of this kind. In the original design of these authors, 
however, no provision has been made for thermostating the instrument. 
This is a major drawback when membranes of permeability lower than 
denitrated collodion are employed; at low membrane permeabilities 
there is a considerable thermometer effect in the osmotic cell plus 
measuring capillary, and temperature control becomes essential. It 
is also desirable to thermostat the instrument even when fast mem¬ 
branes are used, since measurement of the temperature effect of os¬ 
motic pressure is a useful means of determining heats and entropies 
of dilution in polymer-liquid systems. 

Complete immersion of such an osmometer in a water bath is 
not possible without radical alterations in design, since it is neces¬ 
sary to have some means of manipulating the lower needle valves 
during the course of a run. Complete immersion also destroys some 
of the advantages (e.g., ease of membrane replacement) offered by 
this type of design. In the modified instrument described below, this 
difficulty has been overcome, and various other improvements in de¬ 
sign have been effected. 

A MODIFIED FUOSS-MEAD OSMOMETER 

The osmometer was constructed of forged “Delta” bronze, the 
half-cells being spun out of the solid metal according to the Fuoss- 
Mead pattern. The cells were only 1 mm. deep; otherwise the di¬ 
mensions were the same as in the original design. To eliminate leak¬ 
age at the edge of the membrane it was necessary to grind the cell 
surfaces optically flat on a glass plate. In order to ensure a perfect 
fit the surfaces were finally l^ped very slightly against each other 


^National Research Council, Division of Chemistry, Ottawa, Canada. 
♦’•'Chemistry Department, University of Birmingham, England. 
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in a circular manner, only a few turns being given since the outer 
edges tend naturally to be groiind away more rapidly than the parts 
nearest the center. With these precautions, and taking care to tight¬ 
en the peripheral bolts in a symmetrical manner during assembly, 
leakage could be eliminated even when membranes of a non^ongy 
character were used. The surfaces had, however, to be k^ scrupu¬ 
lously clean when the instrument was dismantled. 

The valve blocks were also of bronze, with needle values of 
stainless steel. Using these two metals, finger-tight pressures were 
quite sufficient to ensure a completely liquid-tight seal at the valve 
seatings. At no time over a period of three years has leakage from 
this source ever arisen. 

The capillaries were 1 mm. in diameter and were cut from ad¬ 
jacent parts of the same tube. The glass-metal seals used in con¬ 
struction were of Pyrex and copper, the c^illary being attached close 
to the seal itself. The. seals were tested with an air pressure of sev¬ 
eral atmospheres before being used. 



Fig. 1. Osmometer; shoving post- Fig. 2. osmometer; shoving posi¬ 
tion of water-jacket. tlon of vater-jacket and lower 

connecting tube. 

The main alterations in design were associated with the arrange- 
mentsforthermostating. This was effected by means of water jackets 
affixed to the bronze blocks. The jackets were machined from solid 
bronze, and were fixed to the outer faces of the blocks by means of 
long screws passing through the outer rim, which was 0.35 in. thick. 
The contact between the rim of the water jacket and the face of the 
block was made tight by n paper washer. As shown in Figure l,the 
water jackets did not entirely cover the block faces, since it was nec¬ 
essary to leave a small area of the latter free to allow manipulation 
of the hexagonal bolts holding the blocks together. The inner diameter 
of the water jackets was 4.3 in., which is slightly greater than the in¬ 
ner diameter of the osmotic cells (4 in.). 

In order that as large an area as possible of the block faces 
might be covered by the water jackets, the position of the tubes con- 
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necting the valve blocks to the foot of each cell had to be altered. 
These tubes were made to pass obliquely through the lower edge of 
each block, as shown In Figure 2, Instead of horizontally through the 
block faces as In the original Instrument. This arrangement had the 
further advantage of ensuring more effective draining of the cell con¬ 
tents, since the tubes sloped continually downward from their point 
of entry into the two half-cells. 

The instrument was made symmetrical by making provision for 
two stem valves instead of one, enabling the contents of either cell to 
be sealed off from the liquid in the corresponding stand-tube. The 
main advantage offered here is in enabling leakage to be tested in a 
much more sensitive manner than in the previous Instrument. With 
both valve stems inserted, any drop which occurs in the c^illary 
levels on standing must be due entirely to leakage (due allowance being 
made for evaporation from the capillaries). In the original Instrument, 
however, with only one stem valve available, it is difficult to isolate 
effects due to leakage from those due to evaporation of solvent from 
the solution stand-pipe. 

The two stand-pipes in the present instrument were constructed 
of brass, eliminating two glass-metal seals in the original. All borings 
were 1/8 in. in diameter to permit rapidfilling and washing of the cells 
when working with viscous solutions. The size of the needle valves 
was correspondingly altered. 

This osmometer, which is manipulated in the same maimer as 
the Fuoss-Mead instrument, retains all the advantages of the original, 
while the modifications introduced have considerably increased its 
scope and usefulness for molecular weight measurements. In part¬ 
icular, the thermostating arrangements have enabled measurements 
to be performed on low-molecular polymers where the use of rela¬ 
tively slow membranes is necessary. Such measurements could not 
be carried out using the straight design of Fuoss and Mead. 

THE THERMOSTAT AND WATER CIRCULATION 

The good performance of the thermostated osmometer was due 
largely to accurate temperature control of the water reservoir and 
rapid passage of water through the instrument by an efficient clrcu- 
latingpump. The control system for regulating the bath temperature 
consisted of a valve circuit operated using a B.V.A. type GT 1C thy- 
ratron relay and mercury-toluene regulator. Two heating bulbs were 
employed, each consisting of an 120-watt lamp. The main heating lamp 
was in series with an adjustable rheostat and served as a variable 
sourceof heat by means of which the bath could be maintained to with¬ 
in one or two degrees of the desired temperature. The regulating 
lamp in the anode circuit of the valve dissipated only 60 watts, since 
only alternate mains half-cycles are passed by the thyratron. 

All water leads were as short as possible. The central, ther¬ 
mostated part of the osmometer was shielded from draughts by a 
wooden box through which the C 2 q>illaries projected. The presence of 
thisboxwas necessary to keep the temperature drop between the bath 
and the osmometer at a minimum. The box had occasionally to be 
packed with cotton waste. 
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With rapid stirring of the water in the tank it was possible to 
keep the temperature in the bath constant to ^.01°C. after tempera¬ 
ture equilibrium with the osmometer had been established. In view 
of the large heat capacity of the cell blocks, it is believed that the 
temperature of the osmometer does not vary to a much greater ex¬ 
tent than that of the bath provided the e^qperiments are performed in 
the regions of room temperature. This is supported by the observa¬ 
tion that, unless working at elevated temperatures or with membranes 
of extremely low permeability, the movements in the meniscus level 
after osmotic equilibrium had taken place could always be kept with¬ 
in the limits of experimental observation (^.01 cm.). 

CORRECTION FOR EXPOSED CAPILLARIES 

Using this type of osmometer, osmotic pressures are measured 
in centimeters of solution. For the calculation of results it is not nec¬ 
essary to measure the density of the solution provided the concentration 
is determined by weight (grams per 100 g. solution). Using these units 
the density of the solution drops out of the expression for ir/c so that 
this value is the same as that obtained when tt is expressed in centi¬ 
meters of water and c in grams per 100 cc. of solution. 

However, the density of the solution cancels out in this way only 
if the temperature of the solution is the same in the capillary and the 
osmotic cell. This is the case in the original, nonthermostated in¬ 
strument, but in the modified osmometer the capillaries are at room 
temperature while the cells are at approximately the temperature of 
the bath. (Actually, there will be a temperature gradient along the 
capillaries, but in the region of the osmotic head the mean tempera¬ 
ture may be regarded as being very nearly equal to room temperature.) 

The error involved in neglecting this density difference between 
the solution in the osmotic cell and in the capillary is small, but may 
be without ejqperimental error. If the temperature difference between 
the osmometer and the laboratory exceeds about lO^C., it is generally 
necessary to apply a correction to the value of tt/c* The value of ir/c 
calculated from the measured quantities is multiplied by a factor 

0 O 

where and d^a are the densities of the solution at room tem- 
peratiure and at the temperature of the osmometer, respectively. Since 
the correction term involves only the ratio of the two densities, it is 
sufficiently accurate in dilute solution to use the densities of pure sol¬ 
vent at the two temperatures instead of the densities of the solution, 
so that: o o 

('^/c)corrected ' ("/'^calculated ^ (** /•* ^solvent 

The correction term does not generally affect the value of ir/c 
by more than 0.03 units. It does not decrease appreciably with in- 
creasii^ dilution, but since the eiqperimental error in ir/c becomes 
greater in dilute solution, the correction can usually be ignored at 
concentrations less than about 0.5%. In cases in which it has been 
applied to the results, the solvent densities were measured over a 
range of temperatures by means of an Ostwald-Sprengel pycnometer, 
and the required values obtained graphically. 
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MEMBRANES 

Two factors govern the choice of a semi-permeable membrane 
for osmotic work: (a) permeability to solute, and (b) permeability to 
solvent. These factors may not be Independent of one another, and 
both govern the accuracy of the results. Strict Impermeability to the 
smallest solute molecules isthe first condition of the membrane. For 
this condition to be satisfied, however, it may be necessary to use a 
membrane which shows only alow permeability to the solvent, and the 
measurements become very time consuming. This is particularly true 
of measurements on low-molecular polymers or on unfractionated 
polymers contalningthe low-molecular species. With polymers from 
which the smallest molecular fractions have been removed, the dif¬ 
ficulty is not so great, and faster membranes can be used. It is here 
that the dynamic method of measurement described by Fuoss and Mead 
(l)hasproved most successful. It is obviously desirable to be able to 
extendthis method to cases in which the solute molecules are small, 
but there is a real lack of suitable membranes for the purpose. The 
type of membrane described below overcomes this difficulty to a large 
extent. 


Bacterial Cellulose as Membrane 
Preparation of the Cellulose 

Bacterial cellulose is a natural variety of cellulose obtained by 
the growth, under suitable conditions, of Acetobacterxylinum in a me¬ 
dium containing alcohol and a hexose sugar (or some compound giving 
rise to a hexose under the e^erimental conditions). The method of 
preparation has been described by various authors (2). The product, 
after thorough washing for a prolonged period, is cellulose of a very 
pure character. The structure of the material has been examined by 
Franz and Schiebold (3), Sisson (4), andby Frey-Wyssling and Muhl- 
ethaler (5). A preliminary account of its use as a material suitable 
for osmometer membranes has been given (6). 

For the bacteriological preparation of the membranes used in 
this work, the authors are indebted to Professor J. Cruickshank and 
Dr. R. F Menziesofthe Bacteriology Department of this University. 
The method employed was that describedby Aschner (2c). Membranes 
of size convenient for use in the osmometer were grown in circular 
vessels approximately 6 in. in diameter. The vessel was covered with 
a glass plate which was slightly tilted to allow free access of oxygen. 
Any condensed moisture was thus drained to the edge of the dish. 
(When awatch glass is used as cover, condensed moisture drops back 
into the vessel and retards growth at the center of the membrane.) 

The bacterium (Acetobacter xylinum, N.C.T.C. 1375) is grown 
at 30°C. in a sterilized medium of yeast extract, acetic acid, sucrose, 
and alcohol. In order to obtain a membrane of uniform thickness, the 
irregular film which eventually appears after 24 hours on the surface 
of the medium is removed with aseptic precautions and discarded. 
Withdrawal of this film also removes most of the fine particulate mat¬ 
ter suspended in the medium. Incubation is then allowed to proceed 
until a membrane 4-5 mm. in thickness is obtained. Starting with a 
fresh culture of bacteria, membranes of this thickness are obtained 
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In about 4 days after removal oi the first film. Such membranes are 
free from contaminating particles and are quite uniform in thickness. 

At this stage the membrane is removed, rinsed in water, and 
treatedwith 5% caustic soda at 31°C. for 24 hours to dissolve the in- 
corporatedbacteria. It is finally washed for 24 hours in ninnlng water 
to remove the dissolved bacteria and excess caustic. The membranes 
in this state are translucent in appearance and very spongy in charac¬ 
ter due to the large amoimt of water which they contain. Hlbbert and 
Barsha (2a) report that such membranes contain water to the extent 
of about 10,000% of their dry weight. 

Control of Permeability 

In this highly swollen state, the membranes are unsatisfactory 
for use in the osmometer on account of their high permeability to 
polymer molecules in solution. In experiments with the highly swollen 
material, the membranes were soaked for 24 hours in several changes 
of alcohol to displace the water. They were then treated with succes¬ 
sive changes of benzene for about an hour. On transference to ben¬ 
zene the membranes lose their opaqueness and become quite trans¬ 
parent, but miU^ patches on the membranes sometimes resulted if 
complete removal of the water had not been effected. The membranes 
were therefore allowed to stand for a half-hour in absolute alcohol 
before transference to the solvent in order to ensure complete re¬ 
moval of the last traces of water. 

Using a highly swollen membrane in the osmometer, several 
seconds were sufficient for equilibrium to be established with benzene 
in both half-cells. With a 2% solution of polyvinyl acetate of mole¬ 
cular weight 100,000 in the solution half-cell, no osmotic pressure 
was established, and after standing for an hour, almost 2% of the sol¬ 
ute diffused through the membrane. 

To reduce the permeability of the membranes, use is made of 
the property of bacterial cellulose, that, once dried out, it reswells 
to only a very limited extent of its original thickness. Depending on 
the nature of the drying process, the structure d the cellulose is al¬ 
tered in this treatment (4a), and for strict semi-permeability of the 
membranes, the actual manner of drying is Important. Unless the 
membranes are allowed to dry in contact with a smooth surface or 
under stress, they invariably become wrinkled in nature. The pres¬ 
ence of such wrinkles leads to solute diffusion when the membrane is 
later placed in the osmometer. Two suitable methods of obtaining 
wrinkle-free membranes are as follows. In both methods the bulk of 
thewaterisfirstremovedfromthe highly swollen membrane by mech¬ 
anical pressure, the membrane being placed between filter papers. 

(1) The partially dried membrane is placed on a film of liquid para¬ 
ffin in a Petri dish and left to dry in an oven at lOO^C. When dry, 
the membrane is freed from liquid paraffin by washing in benzene. 

(2) The membrane is spread on a plate of highly polished stainless 
steel, covered with a filter paper and squeegeed on the plate. The wet 
filter paper is removed and the process repeated till almost all 
the water has been forced out. The membrane is then lightly covered 
with a filter psq>er and left overnight to dry out completely at room 
temperature. On drying, the membrane usually comes off the polished 
surface by itself, but it may adhere to the surface in some parts even 
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when quite dry. If this occurs, the membrane must be rewetted, re¬ 
placed lightly on the plate, and again left to dry. This second drying 
takes place much more rapidly then the first, and the membrane re¬ 
moves itself conqiletely from the plate in a few hours. The latter 
method of drying is preferred since it avoids contamination with any 
low-molecular foreign substance. Once the membrane has been dried 
out, care is necessary in all subsequent handling to prevent wrinkling 
of the surface. 

Membranes dried in the above manner are completely imper¬ 
meable to organic solvents like benzene and absolute alcohol. They 
are brought to the desired permeability by reswelling in water or al¬ 
cohol-water mixtures. For membranes which have been dried out and 
reswollen, conditioning to the solvent is accomplished in a much 
shorter time than for the highly swollen cellulose. The sequence of 
operations shown in Table I is sufficient for conditioning. 

TABIX I. Sequence of Operations for Conditioning the Menibranes 


Organic liquid Number of vashlngs Total time, hours 

Alcohol. ^ S 

Absolute alcohol. 1 1/2 

Solvent. U 1 


Following Carter and Record (7) for Cellophane, a membrane 
designated as x/(100 - x) is one which been reswollen in x cc. al¬ 

cohol and (100 - x) cc. water. The acutal degree of swelling required 
to give the most permeable membrane which may be used for a par¬ 
ticular polymer-solvent system must be determined by e^qieriment. 
As a guide. Table H shows the degree of swelling successfully em- 


TABiaS II. Degree of Swelling of Membranes Bequlred for Various 
Systems 


Polymer 

Solvent 

Molecular weight 
of polymer 

Ratio: 

alcohol/va't©r 

Polymethyl 

methacrylate 

Benzene 

Over 700^000 

0/100 

Polymethyl 

methacrylate 

Benzene 

Oer i4-0,000 

60/40 

Polyvinyl 

acetate 

Benzene 

90,000-200,000 

50/50 

Polyvinyl- 

xylene 

Benzene 

S 60 , 000 -W ),000 

0/100 

Polyacrylonitrile 

Dimethyl- 
formamide 

53,500 

50/50 

Polyethylene 

sehacate 

Chloroform 

11,400 

90/10* 


""indicates that a static method must be eiiq)loyed. 
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ployed in measuring molecular weights of the order of magnitude In¬ 
dicated. The polymers referred to are all heterogeneous samples. 

No solute permeation could be detected in any of these systems 
using the appropriate membrane for each. A(0/100) membrane proved 
too permeable for the polyvinyl acetate samples even when the mole- 
cularweightwas as high as 200,000, and a (50/50) membrane had to be 
employed. For fractionated samples of this polymer, however, a 
(0/100) membrane was used with success down to a molecular weight 
of 129,000. 

In caseswhere solute permeation of the membrane occiirs it can 
be detected in the following various ways. 

(a) A downward drift in the osmotic pressure is observed on 
standing. (Using a low-molecular gelva (Gelva 7) in conjunction with 
a (0/100) membrane, a negative osmotic pressure was actually pro¬ 
duced in a short time.) 

(b) Asymmetric Fuoss-Mead rate curves leading to a decreas¬ 
ing equilibrium value was obtained. 

(c) A turbidity is produced on pouring the contents of the sol¬ 
vent cell into nonsolvent at the end of an experiment. 

(d) A negative “cell constant” is produced. 


Typical Rate Curves 

For membranes which have been fully reswollen in water, 
Fuoss-Mead rate curves of the type shown in Figure 3 are obtained, 
where Ah, the difference in centimeters between the meniscus levels, 
is plotted against time, in minutes. Here, osmotic pressures may be 



Time (mint) 


Fig. 3. Fuoss-Mead rate curves 
for bacterial cellulose, dried 
and reswollen In water. (Poly- 
vlnylxylene, 0.285g In benz¬ 
ene.) 



Fig. 4. Rate curves for bacterial 
cellulose, dried and reswollen In 
50/50 alcohol-water. (Polyvinyl 
acetate, 0.404g In benzene.) 


determined in less than an hour after filling the cells. For 50/50 
membranes, the time required for complete run is 1 i /2 -2 hours. A 
typical rate curve for such membranes is shown in Figure 4. In this 
case, unless the value of the osmotic head is known with a fair degree 
of certainty before the run is commenced, it is necessary to take read- 
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Ings over a somewhat longer period than that indicated by the plot. 
The curves obtained are then “matched” by displacement on the time 
axis until the true position for symmetry is obtained. 

For other degrees of swelling, the curves are similar, but the 
dynamic method ceases to be of practical use when membranes of per¬ 
meability less than about (80/20) are employed. Such membranes 
must be used when dealing with polymers having molecular weights 
less than about 20,000. In these cases, the time required for meas¬ 
urements is so long that a static method of determination, although 
probably less accurate, is more convenient. 

An unusual feature of the membranes is that their permeability 
decreases with increasing concentration of the solutions. Figure 4 
represents the rate curves for a solution of polyvinyl acetate (mole¬ 
cular weight 115,000) of concentration 0.404 g./lOOg. in benzene (50/50 
membrane). The rate curves obtained for a more concentrated sol¬ 
ution (1.049g./100g.)ofthispolymer, using the same membrane, are 
shown in Figure 5. In this case, a considerably longer time would be 
necessary for the full development of the pressure head. The effect, 
which has been noted also for Cellophane membranes by Robertson, 
McIntosh, and Grummitt (8), was not studied quantitatively, since abso¬ 
lute permeabilities cannot be conveniently measured using the Fuoss- 
Mead type of osmometer. The behavior does not appear to be due to 
the passage of small solute molecules through the membranes, and 
was a general feature of all the experiments. 




Fig. 5. Rate curves for polyvinyl 
acetate, 1.573* In benzene; 50/50 
neabrane. 


Fig. 6. Rate curves ior bac¬ 
terial cellulose, approximate 
ly 2 mm. initial thickness, 
dried and reswollen in water. 
(Polymethyl methacrylate, 
0.700* in benzene.) 


Other Factors Affecting Membrane Permeability 

i^art from the degree of swelling and the above effect associated 
with the concentration of the solutions, various other factors affect 
the permeability of bacterial cellulose membranes. 
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Age of the Culture 

Membranes which have been harvested from old cultures are 
considerably less permeable than those obtained using a young cul¬ 
ture of bacteria for each preparation. In cases where the culture 
medium is almost exhausted, a considerably longer time than four 
days may be necessary for growth to the desired thickness. Such 
membranes are generally so dense as to be unsuitable for use as 
"dynamic” membranes even on reswelllng to their maximum extent 
in Water. For reproducibility of results it was necessary to use mem¬ 
branes prepared from a young culture of bacteria each time. 

Effect of Thickness 

4-5 mm. (in the highly swollen state) is regarded as beingthe 
most suitable thickness of membrane for osmotic work. Membranes 
thinner than this often showed permeability to the solute molecules, 
although membranes of approximately 2 mm. swollen thickness have 
been used with success for high-molecular polymethyl methacrylates 
(molecular weight greater than 700,000). A typical rate curve for such 
a membrane, fully reswollen in water, is given in Figure 6. Here, 
only ten minutes are required for each half-run. 

Results obtained using membranes of initial thickness greater 
than 5 mm. were not reproducible. This is believed to be due to un¬ 
even bacterial growth beyond this stage consequent upon an insufficency 
of oxygen penetrating through the membrane to the bacteria. For re¬ 
producible permeabilities, the technique of limited swelling using 
membranes up to 5 mm. in thickness is regarded as being the most 
satisfactory procedure. 

Aging of Membranes 

In common with Cellophane, bacterial cellulose slowly loses its 
permeability on prolonged standii^ in certain solvents, most notable 
being benzene and absolute alcohol. Membranes were therefore stored 
in the dry state and reswollen as desired. The effect spears to be 
structural collapse toward some limiting measure of porosity, since 
it is most marked in the case of membranes which have been reswol¬ 
len to their maximum extents Scarcely any change in permeability, 
for example, could be detected over a period of about a year for a 
60/40 membrane stored in benzene in the osmometer. 

The Cell Constant and Other Phenomena 
The Cell Constant 

When new, bacterial cellulose membranes do not exhibit any 
asymmetry in the form of a cell constant, provided the osmometer is 
quite free of leaks. After the membranes have been used for some 
time, however, and in particular if they have been allowed to stand 
overnight in contact with solution, a small but definite value is ob¬ 
tained. Once developed, the cell constant rarely disiq>pears, even 
after the membrane has been standing for about two months in con¬ 
tact with pure solvent. On such prolonged standing, however, the val¬ 
ue usually decreases. 
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The value also decreases to a minimum on washing the mem¬ 
brane repeatedly with solvent. Experiments have shown that the value 
becomes appreciably constant after about six rinsings. Before meas¬ 
uring the value of the cell constant, the standard procedure adopted 
waste rinse the membrane six times on each side with pure solvent, 
fresh solvent being used for each washing. In work demanding the 
highest accuracy (i.e., when working with very dilute solutions or when 
dealing with polymers of molecular weight higher than about 500,000) 
the cell constant was measured after each osmotic pressure determi¬ 
nation and this value taken as the true value to be applied as correct¬ 
ion. 

When working repeatedly with the same type of polymer, the 
value of the cell constant usuaUy settled to some definite a mo u nt for 
a particular membrane, and only an occasional run was necessary to 
check this. The value was generally positive, i.e., in the same sense 
as the osmotic pressure; negative values were encountered only after 
solute diffusion through the membrane was observed to have taken 
place. Negative cell constants could thus be regarded as a warning 
that the membrane was too permeable for the particular polymer in 
use. 

These observations would indicate that the cause of the cell con¬ 
stant is slight adsorption of polymer molecules on the surface of the 
menibrane. Such adsorption has been reported also for Cellophane 
membranes (8). Unsuccessful attempts were made to eliminate the 
cell constant by placing the solutions alternately on either side of the 
membrane during a series of measurements, and the most accurate 
procedure seemed to be direct measurement and application of the 
ncessary correction. 

Membrane Blockage 

It was occasionally the case that a new membrane which allow¬ 
ed solute diffusion to occur to only a slight extent could be made im¬ 
permeable to the solute by allowing it to stand in contact with the solu- 
tionfor afewdays. This effect has been termed, after Hoff (9), “mem¬ 
brane blockage.” Even after thorough washing with pure solvent or 
after standing for several days under a head of solvent, such mem¬ 
branes still retained their impermeability to solute, and could be used 
as truly semi-permeable membranes. The phenomenon, however,^ 
did not occur with all polymers, a notable exception being polyvinyl’ 
acetate, for which the membranes had always to be strictly semi- 
permeable from the start before reliable results could be obtained. 

Adsorption Effects 

In carrying out osmotic pressure measurements, low values 
were often obtained if the membrane had not been rinsed sufficiently 
on the solution side prior to a determination. This effect has been 
notedforboth Cell(q;>hane (8) and denitrated collodion (1) membranes. 
McIntosh et al. (8) attribute the cause to adsorption of polymer on the 
Cellophane membrane. In the case of bacterial cellulose the effect 
is not so pronounced, and nothing in the nature of the “time lags” 
reportedfor Cellophane have ever been observed. The osmotic pres¬ 
sure values obtained for a stock solution of Commercial Gelva 60 in 
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benzene on the first four fillings are given In Table ID. (Concentration 
of solution, 0.821 g./lOO g.) 

Here the osmotic pressure values become constant after the 
third filling. In carrying out measurements the technique adt^ed in all 
cases was to rinse the membrane six times on the solution side prior 
to a determination. The solvent cell was rinsed simultaneously, fresh 
solvent being added at the final filling. 

TABLE III. Effect of Repeated Blnslng of Menibrane vlth 
Polymer Solution ( 50 / 5 O Menibrane) 


Pilling 

K, cm. solution 

K /c 

1 

1.8U 

2 . 2 k 

2 

1.93 

2.3k 

3 

1.98'l 



f 1.96 

2.kl 

k 

I.97J 



DISCUSSION 


The usefulness of bacterial cellulose as a material for osmo¬ 
meter membranes lies in the fact that its permeability may be con¬ 
trolled over a wide range of values. Control of the permeability may be 
ejected either during growth of the cellulose itself or during subse¬ 
quent treatment. This enables individual membranes to be prepared 
for use with particular polymers so that the maximum speed compati- 
ablewith strict semi-permeability may be achieved in each case. In 
particular, measurements on heterogeneous polymer samples contain¬ 
ing low-molecular material may be carried out in a reasonably short 
time using adynamic method, where otherwise a lengthy static meth¬ 
od would probably have been necessary. 

In addition, such membranes are not subject to the same un¬ 
certainties involved, for example, in the use of Cellophane. Adsorption 
effects are small, and reproducible results are obtained merely by 
washing the solution cell thoroughly before measurements. 

The membranes may be used for measurements on polymers 
having molecular weights as low as 10,000, but here a static method 
is necessary. It is in this relatively low-molecular region that new 
techniques for measuring molecular weights rapidly and reliably are 
now most urgently required. Such measurements would yield useful 
information concerning the thermodynamic behavior of systems in 
which the solute molecules lie intermediate in size between *'ordi- 
nary” dimensions and the dimensions of macromoleciiles. 
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Synopsis 

The construction of a thermostated osmometer of the Fuoss- 
Mead pattern is described. The technique of preparation of bacterial 
cellulose membranes for osmotic measurements on high polymer 
systems is given. The permeability of such membranes may be 
controlled by growth to a thickness of 4-5 mm., drying in contact 
with a stainless steel surface, and reswelling in water or alcohol- 
water mixtures. The degree of reswelling required to give mem¬ 
branes suitable for use with polymers of a range of molecular 
weights is given. The factors affecting the behaviour of the mem¬ 
branes in the osmometer are discussed. 


R^sum^ 

La construction d’un osmomitre thermostatise du type Fuoss 
et Mead est decrite. Les auteurs indiquent egalement le mode de 
preparation de membranes cellulosiques bacteriennes pour des 
mesures osmotiques applicables aux hauts polymeres.La permeabilite 
de ces membranes peut etre controlee par gonflement de celles-ci 
jusqu’a une epaisseur de 4-5 mm., en les sechant au contact d’une 
surface en acier inoxydable, et en les regonflant dans I’eau ou dans 
des melanges alcool-eau. Les auteurs Indiquent le degre de regon- 
flement, necessaire a I’obtention de membranes utilisables pour des 
polymerespresentantunpoids moleculaire determine. Les facteurs, 
qul influencent le comportement de la membrane dans I’osmometre, 
sont dlscutes. 


Zusammenfassung 

Die Konstruktion eines Fuoss-Mead schen thermostatischen 
Osmometers wirdbeschrieben. Die Art der Herstellung bakterieller 
Cellulosemembranen fur Messungen des osmotlschen Druckes poly- 
merer 8ysteme wird erlautert. Die Durchlassigkeit solcher Mem- 
branen kann dadurch festgestellt warden, dass man sie bis zu einer 
Dickevon4-5 mm wachsen lasst, sie dann an einer Nickelstahlflache 
trocknen Iksst- und sie in Wasser oder Wasser-Alkohol-Mischungen 
neu auf quellt.Das Ausmass des Quellens, das fiir Membranen notwendig 
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ist, die f6r Polymere verschiedener Molekulargewichte verwendet 
werden soUen, ist gegeben. IMe Faktoren, die auf das Verhalten 
der osmotischen Membranen beeinflussen, werden erortert. 


Received October 7,1948 



Journal of Polyaer science 


Vol. IV, pp. 337*350, 1949 


Osmometry of High Polymer Solutions. II. Osmotic 
Measurements Using Bacterial Cellulose Membranes 

C.R.MASSON* and H.W.MELVILLE,** 

Chemistry Department, University of Aberdeen, Aberdeen, Scotland 


In a previous communication (l)the technique of preparation of 
bacterial cellulose membranes has been described, and the factors 
affecting membrane behavior have been discussed. Membranes of this 
character have been used in the dynamic osmometer of Fuoss and 
Mead (2) and in the modified instrument previously described (1) to 
measure the molecular weights of a number of high polymers. These 
measurements are described below. 

EXPERIMENTAL PROCEDURE 
Membranes 

The membranes used in this work had (with one exception) an 
initial thickness of 4-5 mm. in the highly swollen state. Their per¬ 
meability was controlled by drying and reswelling in water or alcohol- 
water mixtures. For the fastest membranes (i.e., membranes re¬ 
swollen in water alone), the original Fuoss-Mead osmometer could be 
used for the measurements; otherwise the thermostated instrument 
had to be employed. 


Solutions 

Both Commercial and laboratory prepared polymer samples 
were employed. Initial solutions were prepared by overnight tumbling. 
When necessary, these solutions were filtered through sintered glass 
till they appeared clear in the beam of a carbon arc. Subsequent 
solutions were prepared by dilution. 

Measurement of Osmotic Pressures 

Measurements of the meniscus levels were made using a ca- 
thetometer, readings being taken to the nearest hundredth of a cen¬ 
timeter. The standard procedure adopted in measuring all osmotic 
pressures was as follows. The half-cells were rinsed six times with 
solution and solvent prior to each run. The osmotic pressure was 
then determined either dynamically or, where necessary, statically. 
At the end of the r\m a small portion of the solution was run off for 
determination of the concentration. The osmometer was drained, 
rinsed six times on both sides with solvent, and the cell constant de¬ 
termined either ctynamlcally or by standing overnight. The cells were 

*National Research Council, Division of Chemistry, Ottawa, Canada. 
♦•Chemistry Department, University of Birmingham, England. 
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rinsed with solvent between measurements even when the cell constant 
was not to be determined. In such cases, the value of the cell con¬ 
stant was estimated from other values measured during the same 
series of eiqperiments. 

Measurements of Concentrations 

Concentrations were initially determined by evaporating a por¬ 
tion of each solution to constant weight at 100°C. in an oven through 
which a stream of preheated air could be drawn. In converting to \mits 
of grams per 100 cc.,the density of the solution was taken to be equal 
to that of pure solvent in the low concentration range studied. 

The work of Grassie and Melville (3) on polymer degradation, 
however, has shown that this method of determining concentrations 
is inaccurate, since the film of polymer that is formed on the walls 
of the containing vessel may still retain an ^preciable percents^e 
of volatile material. To drive oN these volatiles it is necessary to 
heat the polymer film in vacuo to a temperature above the softening 
point. For this purpose, a modified form of the molecular still de¬ 
signed by Grassie and Melville has been constructed. By means of 
this apparatus (constructional details to be given shortly in a separate 
communication) the weighing bottle containing the polymer film may 
be heated in vacuo to the desired temperature and the percentage of 
volatiles remaining in the film after the first treatment may be esti¬ 
mated. 

For polymethyl methacrylate in benzene, the percentage of vola¬ 
tiles removed from the film by thi&.treatment is 6.3%, and all values 
of c and v/c shown in the results for this system have been corre¬ 
spondingly corrected. For polyvinyl acetate in benzene and ethyl ace¬ 
tate, the loss in weight of the film is negligible (only 0.3%); this may 
be attributed to the fact that the softening point of this polymer is well 
below 100<^C., so that almost all the volatiles may be driven off by pro¬ 
longed heating at this temperature. The concentration values quoted 
for this polymer may therefore be regarded as being accurate to 0.3%, 
so that no correction need be applied to the results for v/c. In the 
case of poly acenaphthylene in benzene, when the solvent is evaporated 
off at lOO^C. the bulk of the polymer is deposited in crystalline form 
instead of forming a film on the walls of the vessel. Heating to 260^0. 
in vacuo resulted in the crystals losing 1.5% of their weight, and fur¬ 
ther heating at this temperature did not cause any further decrease 
in weight. All values of c and -r/c were therefore corrected by thisa- 
mount. 

For the other two systems studied, the concentration values are 
uncorrected, so that the values of ir/c must be regarded as being sev¬ 
eral per cent too low and the molecular weights corre^ondingly too 
high. Since the measurements cover a very limited concentration 
range, the slopes of the tt/c - c curves will not be greatly altered, 
and the Huggins fi values should not be in error by more than 0.01. 

EXPERIMENTAL RESULTS 

Polyvinyl Acetate in Benzene 

Polymers. Five polymer samples were investigated. Three 
were Commercial Gelvas obtained from Shawinigan Ltd. and design- 
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ated Gelva 25, 45, and 60 in order of increasing molecular weight as 
indicated by viscosity measurements. The other two samples, desig¬ 
nated 1221 and 2410, had been prepared in these laboratories by G. M. 
Burnett by photopolymerization of the liquid monomer in vacuo. The 
kinetic coefficients for this reaction have been measured by Burnett 
and Melville (4), so that the chain lengths of the samples were known 
with certainty. The chain lengths are given by the ratio (over-all 
rate)/(rateof starting), both of which quantities may be measured di¬ 
rectly by ejqperiment. For the first sample the rate of initiation was 
1.27 X 10”8einsteinliter sec.andthemeasuredover-allrate was 
1.55 X 10"® mole liter"^ sec. "1. Hence: 

v„ = 1221 or M = 105,000 

V Q being the chain length and M the molecular weight. Similarly the 
second sample had: 

V„ • 2410 or M =■ 208,000 

This method of computation assumes that any transfer reaction 
is of negligible importance. Had transfer occurred, the eiqiression 
for would become: 

l/Vn • kj/kp + (kj'* l‘'V(kp(M)) 

where kp,k{, andkt are the velocity coefficients for propagation, trans¬ 
fer, and termination, respectively; I is the rate of chain initiation and 
(M) the stationary monomer concentration. Comparison with the cor¬ 
responding eiqiression for assuming no transfer: 

1/V„ = (kj'* I*'®)/(kp(M)) 

showsthatanytransfer reaction, if appreciable, would lead to smaller 
molecular weight values than those quoted above. 

Membranes. (50/50) membranes had to be employed for all the 
polymers in order to avoid solute permeation. The same membrane 
was not usedthroughout, and the time requiredfor a half-run varied 
between 35 and 50 minutes depending on the particular membrane in 
use. 

Results. The complete results for all polymers are given in 
Table I. The temperature of measurements was 20OC. for the labo¬ 
ratory samples and 20.4OC. for the Gelvas. The cell constant values 
given in parentheses are estimated from the measured values. P is 
the observed pressure head and w the osmotic pressure, both in 
centimeters solution. The values of v/c refer to v in centimeters 
water and c in grams per 100 cc. solution. 

In Figure 1, v/c is plotted against c for all five polymers. The 
relationships are toest represented by a series of curved lines cor¬ 
responding to an equation: 

n/c = A * 1.35 c^‘*^ 

and all curves have been extrapolated on this basis. The extrapolated 
valuesof ( ir/c)Q and the corresponding values of Mare listed in Table 
n. The estimated error in M assumes an uncertainty of 0.09 units in 
( ’'■/c)o' 

Figure 2 shows the plot of n/c - RTd,c / 3 M,ds against c for 
polymer 1221, as recommended by Huggins (5) for systems which ex¬ 
hibit a curved v/c - c relationship. The curvature is not completely 
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accounted for by this eiqpression, so that the value of the Huggins con¬ 
stant/x would appear to be concentration-dependent over the range 
shown.The values calculated for/x are 0.44 at c and 0.41 at c ^ 1.2%. It 

TABIS I. Osmotic Msasurements for a Series of PolTVlnyl Acetates 
In Benzene 


PoXymer 

ConcentratloQ, 
g./lOO CO. 

P 

Cell 

constant 

K 

»t/c 

1221 

1.382 

6.68 

0.17 

6.51 

4.14 


0.923 

3.59 

0.15 

3.44 

3.28 


0.689 

2.45 

(0.14) 

2.31 

2.94 


0.597 

2,05 

0.14 

1.91 

2.81 


0.355 

1.15 

0.13 

1.02 

2.51 

2410 

1.041 

3.16 

0.11 

3.05 

2.58 


0.678 

1.73 

0.14 

1.59 

2.06 


0.459 

1.02 

0.11 

0.91 

1.74 

G. 25 

0.899 

4.23 

0.21 

4.02 

3.93 


0.570 

2.59 

(0.19) 

2.40 

3.46 


0.328 

1.30 

0.16 

1.14 

3.05 

G. 45 

1.^^35 

6.81 

0.36 

6.45 

3.95 


0.888 

3.34 

(0.32) 

3.02 

2.99 


0.647 

2.14 

(0.28) 

1.86 

2.52 


0.459 

1.51 

0.24 

1.27 

2.44 

G. 60 

0.993 

3.13 

0.17 

2.96 

2.62 


0.722 

1.98 

(0.16) 

1.82 

2.22 


0.529 

1.38 

0.15 

1.23 

2.04 


is of interestto note that the values of ( ir/c)Q for polymers 1221 and 
2410 calculated on the basis of the kinetic chain lengths are 2.37 and 
1.20, respectively. The osmotic results could not be interpreted to 
yield values of ( ir/c)o larger than these quantities, so that the ab¬ 
sence, or at least the negligible importance of transfer in thepoly- 
TABEE II. Molscular Weights of Polyvinyl Acetates 


Polymer 

(Vc)o 

M X lO"'* 

Estimated 
error 
in M 

1221 

2.06 

12.1 

t 5,000 

2410 

1.17 

21.2 

^14,000 

G. 25 

2.73 

9.1 

- 3,000 

G. 45 

1.77 

14.1 

* 6,000 

G. 60 

1.30 

19.1 

^,000 


merization reaction, is demonstrated conclusively. Transfer being 
absent, the kinetic values of M must be regarded as being fairly pre¬ 
cise, so that the curvature displayed by the v/c - c plots would seem 
to be real. 
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The above values of /I agree well with the value of 0.428found by 
Siriaivii, Wise and McIntosh (6) over a concentration range of 0.8 to 
1.2%. The molecular weight foundforGelva 45 is also in good agree¬ 
ment with the value of 147,000 found by Robertson, McIntosh, and 
Grummitt (7) using caustic-treated Cellophane as membrane. 




fig. 1. n/c - c relationships 
for polyvinyl acetate In benz* 
ene: Conierclal Gelvas; 0« 

polyaers of Burnett and Mel¬ 
ville. 


Fig. 2. Effect of the term 
RTdiC*/3Mid® on the results 
for polyvinyl acetate In 
benzene: 0, n/c vs. c; I, 
n/c - RTdicVSMidj vs. c. 


Polyvinyl Acetate in Ethyl Acetate 

The osmotic results for Gelva 45 in ethyl acetate as solvent, 
using a (50/50) membrane, are given in Table m. Figure 3 shows the 
•r /c - c plot for this system along with the corresponding curve for 
benzene. In this case the plot is linear, the system having a value 
of 0.415. 

TABLE III. Osmotic Besults for Gelva in Whyl Acetate 


g./lOO cc. 

P 

Cell 

constant 

K 

7l/c 


5.56 

0.12 

5.44 

5.89 

0.898 

3.4? 

O.lif 

3.53 

3.54 

0.618 

2.02 

0.05 

1.97 

2.86 

0.452 

1.32 

0.10 

1.22 

2.54 


Polymethyl Methacrylate in Benzene 

Polymers. Four samples of polymer were used. One of these, 
designaied A 3&6, was a commercial, unplasticized “Perspex,” ob- 
tainedfromI.C.1. Ltd. The other three samples, labelledP.M.l,P.M.2, 
and P.M.3, had been prepared in these laboratories by W. F. Watson 
by thermal polymerization of the monomer using benzoyl peroxide as 
catalyst, and were believed to be of high molecular weight. 

Membrane. The same membrane was usedfor all the me^ure- 
ments. This membrane was thinner than those normally employed, 
having an initial thickness of only 2-3 mm. It was reswollen in water 
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alone. Only ten minutes were required for each half-run, and the non- 
thermostated Fuoss-Mead osmometer was usedfor the measurements 
at a mean temperature of IS^^C. 



Fig. 3. Ji/c - c relationships for polyvinyl ace¬ 
tate in ethyl acetate 0, and in benzene 1. 

Results. Atypical curve is shown in Figure 4, representing the 
run for the most concentrated solution of A 356. On account of the 
r^idity withwhich the rate curves become symmetrical and the free¬ 
dom from temperature effects using such a fast membrane, the ex¬ 
perimental error in iris here believed to be less than^.01 cm. 


TABLE 17. Experimental Results for Polymethyl Methacrylate In 
Benzene 


Polymer 

g./lOO cc. 

P 

Cell 

constant 

Tl 

n/c 

A 356 

0.731 

0.46 

0 

0.46 

0.56 


0.579 

0.29 

0 

0.29 

0.44 


0.535 

0.25 

0 

0.25 

0.41 


0.1K36 

0.17 

0 

0.17 

0.37 

P.M. 1 

0.656 

0.52 

0 

0.52 

0.70 


0.565 

0.40 

0 

0.40 

0.63 


O.U51 

0.31 

0.02 

0.29 

0.57 

P.M. 2 

0.672 

0.47 

0 

0,47 

0.62 


0.57^^ 

0.36 

0.01 

0.35 

0.54 


0.1f69 

0.30 

o.oi^ 

0.26 

0.49 


0.387 

0.22 

0.03 

0.19 

0.43 

P.M. 5 

0.54U 

0.31 

0.05 

0.26 

0.42 


O.U25 

0.22 

0.05 

0.17 

0.35 


0.358 

0.17 

0 . 0 k 

0.13 

0.32 


The complete results for the four polymers are shown in Table 
IV, and the ir/c - c curves are reproduced in Figure 5. In common 
with Baxendale, Bywater, and Evans (8), upward curvature of the plot 
is found, and all curves have been extrapolated according to an equa¬ 
tion: 

Jt/c = A + 0.653 C^'*^ 
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As with the polyvinyl acetates, application of the Huggins theory to 
the results does not completely remove the curvature of these lines, 
ft varying from 0.48 at c = 0 to 0.46 at c = 0.7%. 



Fig. 4. Rate curves for poly- Fig. 5. n/c-c relationships for poly- 
nethyl methacrylate In benz- methyl methacrylate In benzene; A.P.M. 
ene using a rapid membrane. i; 0, P.M. 2; x, P.M. 3; 0, A 356. 


Polyvinyl Xylene in Benzene 

Polymers. Measurements were performed on three polymers, 
designated VI/i06, VI/112, and VI/27. These had been prepared in the 
research laboratories of The Distillers Company Ltd. by thermal poly¬ 
merization of the monomer in vacuo at OO^C., using tert-butyl per- 
benzoate as catalyst. The catalyst concentrations used were 4, 20, 
and 2 g./liter, respectively. Samples VI/106 and VI/112 were pre¬ 
pared during one set of runs; sample VI/27 was made in another set, 
using monomer with a slightly different history. 

All samples were 100 %polymerized,thenprecipitatedtwicefrom 
benzene solution by methanol and dried in vacuo at room temperature. 
The intrinsic viscosities in benzene at 25°C. had been measured. 

Membrane. A (0/100) membrane was used throughout. This was 
a case in which the phenomenon of “membrane blockage” previously 
referred to (1) was observed. The membrane at first showed slight 
permeability overnight to a 0.8% solution of VI/106, a faint turbidity 
being produced when the contents of the solvent cell were poured into 
excess methanol. On adding fresh solution to the osmometer, how¬ 
ever, no further evidence of solute permeation could be detected and 
the membrane could be regarded as being strictly semipermeable. 

During the permeability tests, a negative cell constant developed. 
As shown in Table V, however, this value became less negative during 
the experiments. 

The Dynamic Method. In attempUng to measure the osmotic 
pressures by the dynainicmethod, it was observed that for the most 
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concentrated solutions of all three polymers the rate curves were not 
symmetrical, so that a constant mean value for the pressure head 
could not be obtained. In these cases, it was necessary to determine 
the osmotic pressures statically. (With the fast membranes employed 
this did not take longer than about an hour.) The asymmetry of the 
curves was first thought to be associated in some way with the mem¬ 
brane blockage. But later measurements (notably on the system rub¬ 
ber-benzene) in which the membrane was strictly semi-permedile 
from the start, have ruled out this Intearpretation. Since the phenome¬ 
non may be associated with the actu^ mechanism by which osmotic 
pressures are established, the rate curves for a typical case of asy¬ 
mmetry are r^rodticed in Figure 6. These curves represent the run 
usingthe most concentrated solution of VI/112 (c ^ 0.684 g./lOOg. so¬ 
lution) at a temperature of 24<^C. The mean of the two curves is not 
constant, but shows a gradual upward drift towards the end of the run. 
A static value of P « 0.98 cm. solution could be obtained by approach¬ 
ing the equilibrium position from either side, but this value developed 
much more r^idly when solvent was allowed to flow through the mem¬ 
brane from the solution side (tq>per curve). 

The reason for this behavior is obscure. The effect was less 
pronounceduslng more dilute solutions, and the dynamic method could 
be used to give a constant value for P provided sufficient time was al¬ 
lowed for the runs. 



Fig. 6. Asymnetrlcal rate curves Fig. 7. n/c - c relationships 
obtained for polyvlnylxylene In tor polyvlnylxylenes In ben- 
benzene (polyner VI/112, concen- zene. 
tratlon 0.684 g./lOO gs. solution). 

Results. The complete results for the three polymers are pre- 
sented in Table V, and w/c is plotted against c in Figure 7. In this 
case the relationship is linear and the slopes of the curves may be 
regarded as identical. Assuming the density of this polymer to be 
1 g./cc., the slopes may be characterized by a rvalue of 0.469. 

In Table VI are listed the molecular weights of the three poly¬ 
mers and the corresponding intrinsic viscosities [v;] in benzene at 
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a?ABia V. Heaults for Pdljnrlnylxyleto In Benzene 


Polymer 

S./lOO cc. 

P 

Cell 

constant 

K 

Tt /c 

V3/106 

0.696 

1.18 

-0.09 

1.27 

1.59 


0 ,k6k 

0.66 

-0.06 

0.72 

1.36 


0.197 

0,22 

-0.03 

0.25 

1.11 

7^112 

0.597 

0.98 

0.07 

0.91 

1.33 


0.392 

0.58 

0.07 

0.51 

1.14 


0.249 

0.35 

0.06 

0.29 

1.02 

Vl/27 

0.638 

0.88 

0.03 

0.85 

1.16 


0.522 

0.63 

0.02 

0.61 

1.05 


0.414 

0.44 

0.00 

0.44 

0.93 


25^C. (concentratlonsin base mole/liter. On account of the similar 
methods of preparation, the three samples may be regarded as having 
approximately the same degree of heterogeneity. From the limited 
data available, therefore, it is possible to ascribe rough values to the 
constants K and a in the equation (9,10): 

h] • KM 

whichprobably represents the Intrinsic viscosity - molecular weight 
relationship. Plotting log [‘i;] against log M, as in Figure 8, the value 
of ac obtained from the slope of the line is 0.6. E:q>ressing concen¬ 
trations in g./lOO cc.. a value of 5.5 x 10~^ is obtained for K. 



Polyacrylonitrile in Dimethylformamide 

Materials and Membrane. A laboratory -prepared sample of the 
polymerwasobtalnedlroml.C.I. Ltd. The solvent was fractionally dis¬ 
tilled immediately before use, the fraction boiling at 152-153°C. being 
collected. A |[0/100) membrane was too permeable as indicated by a 
downward drift of the osmotic pressures on standing, and a (50/50) 
membrane was employed at a temperature of 13.5®C. Membrane 
blockage was again encountered, but after contact with a 0.8% solution 
for IS hours the membrane could be used with confidence since 
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the rate curves were perfectly symmetrical. A negative cell constant 
developed during the permeability tests. 

TABiaS 71. Moleculax Weights and Intrinsic 
Viscosities of Polyvliqrlj^lsnss 


Polymer 

o 

o 

M 


rz/ioe 

0.96 

262,000 

12.65 

Yl/HS 

0,80 

315,000 

14.4 

Vl/27 

0.57 

4h0,000 

16.8 


Results. The results are given In Table vn. The ir/c - c plot 
exhibits a decided curvature as shown in Figure 9. The extent of the 
curvature is not appreciably altered on plotting n/c - RTdiC^/3Mtd| 
against c. Thevalueof v varies from 0.29 ate = Oto 0.12 at c » 0.5%. 



Fig. 9. n/c - c relationship for polyacryl¬ 
onitrile In dlsethylfornaslde. 

The calculated molecular weight for this polymer is 33,500, the llm> 
its of accuracy being about ^1200. 

TABLE VII, Besults for Polyacrylonitrile in Dlmethyl- 
formamlde 


g./lOO cc. 

P 

Cell 

constant 

TC 

n/c 

0.550 

5.72 

-0.58 

6.10 

10.73 

0.48-5 

5.00 

-0.20 

5.20 

10.19 

0.374 

3.76 

•♦0.11 

3.65 

9.28 

0,209 

1,90 

•♦0.10 

1.80 

8.19 


Polyacenaphthylene in Benzene 


Polymer and Membrane . The polymer sample was obtained 
from the Chemical Research Laboratories, Teddington. In powder 
form it dissolved readily in benzene yielding a clear yellow solution 
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which was quite homogeneous. A (60/40) membrane was used after 
a (0/100) membrane had been found to be too permeable. 

Results. Measurements were performed at 2 5<^C. The v/c - c 
relationship, plotted from the results In Table VIH, Is shown In Fig¬ 
ure 10. The relationship Is linear, the extrapolated value of ( ir/c)^ 
being 2.41, corresponding to a molecular weight value of 105,000. Tak¬ 
ing the density of the polymer to be 1 g./cc., the value of fi is 0.475. 

TABUS VIII. Osmotic Results for Poly acenaphthylene in 


Benzene 


g./lOO cc. 

P 

Cell 

constant 

Tt 

«/c 

0.888 

5.61 

0.51 

5.10 

5.04 

0.721 

5.16 

0.75 

2.41 

2.92 

0.5li9 

2.50 

0.74 

1.76 

2.80 

0.560 

1.84 

(0.74) 

1.10 

2.67 


Polyethylene Sebacate in Chloroform 


It is of Interest to know how far down the molecular weight scale 
bacterial cellulose membranes will remain Impermeable to solute 
molecules while yet retaining their relatively high permeability to 
solvents. A check on the osmotic results at low molecular weights 
was provided by using a sample of polyethylene sebacate for which 
the number-average molecular weight had been independently deter¬ 
mined by end-group titration. The polymer was prepared in these lab¬ 
oratories by G. W. Yoimgson and the molecular weight evaluated to be 
11,000 by acetylation of the hydroxyl groups and subsequent titration 
with alcoholic potassium hydroxide. The end-group method of deter¬ 
mination Is not sufficiently accurate in this region to permit the mole- 


Fig.lO. n/c - c relationship for 
polyacenaphthylene In benzene. 



cular weight to be given to more than two significant fig^ures, but the 
osmotic method gives molecular weights with an accuracy of 1%. For 
comparison of the results by the two methods, therefore, it is suffi- 
ently accurate to measure only one osmotic pressure in sufficiently 
dilute solution and estimate the molecular weight directly without ex¬ 
trapolation. The v/c - c relationship was not therefore studied, and 
measurements were performed on a 0.065% solution by weight in water- 
free chloroform. 
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E]q;>eriments were first performed using a very dense ^ecimen 
of the cellulose (approx. 2 cm. initial thickness), dried and reswollen 
in water. Such a membrane might have been expected to show a fairly 
high permeability toward the solvent and yet remain impermeable to 
the solute. However, although an osmotic pressure ot about 1 cm. of 
solution was established in less than 15 minutes, this value decreased 
slowly on further standing until, after 2 hours, a small negative head 
(about 0.1cm.) was obtained. The extent of the solute diffusion was 
measured to be 16% in 15 hours for a 3% solution of the polymer. The 
membrane was therefore rejected. 

Next, a membrane of normal thickness (approx. 4 mm.), dried 
and reswollen in (70/30) alcohol/water was tried, but evidence of sol¬ 
ute permeation was again obtained by a slow downward drift of the 
osmotic pressure on standing. 

For complete impermeability to the solute it was necessary to 
resort to a membrane swollen in (90/10) alcohol/water. Using this 
membrane, a steady head of 1.41 cm. of solution was obtained on stand¬ 
ing overnight, this value showing no decrease on standing for a fur¬ 
ther 8 hours. Taking this as the true osmotic pressure, we obtain 
2.17 as the value of v/c, indicating a molecular weight of approxi¬ 
mately 11,400. 

A reliable value for M is thus obtained only at the e3q;>ense of 
speed in determination. No technique has yet been developed by which 
molecular weights of this order of magnitude may be quickly and ac¬ 
curately determinedforunfractionatedpolymers, and the region 5000- 
10,000 must at present be regarded as a lower limit for osmotic work 
on high polymer systems. 


DISCUSSION 


Table IX summarizes the results for the fi values found in the 
above eTqperiments. 

TABI3E 33. Values of u for Various Systems 


Polymer 

Solvent 

Tenperature °C, 


Polyvitiyrl acetate 

Benzene 

20 

0.4l-0.41^ 


Ethyl 

acetate 

20 

0.415 

Polymethyl meth- 

acrylate 

Benzene 

16 

0.46-0.48 

Polyviiiyl xylene 

Benzene 

2k 

0.47 

Polyac rylonitrile 

Dimethyl- 

formamlde 

13.5 

0.12-0.29 

Poly acenaphthylene 

Benzene 

25 

0.475 


In determining molecular weights it is obviously best to employ 
a solvent for which is constant in the dilute solution region, such sol- 
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vents being benzene for polyvinyl xylene and polyacensgththylene, and 
ethyl acetate for polyvinyl acetate. In the case of rul^r, Gee (11) ob¬ 
tains cuirature of the v/c - c plot using benzene as solvent, while 
Meyer (12) reports a linear plot using toluene. In this connection it 
is interesting to note that the heats of dilution, AH]^,of rubber in ben¬ 
zene and toluene have been measured (13). The quantity of AHi/v§ 
(where V 2 is the volume fraction of rubber in the solution) is small 
for toluene solutions but far from negligible in the case of benzene as 
solvent, andapossible explanation is provided for the linearity of the 
v/c _c plot in toluene. In such a case,deviations of the polymer 
solutions from ideality would be due almost entirely to nonideal en¬ 
tropy of mixii^, and the condition of random mixing assumed in the 
statisticalcalculationoftheentropy of dilution, ASj, would be obeyed, 
so that the v/c - c curve would have the linear form predicted by the 
theory. 

These considerations apply also to the results for polyvinyl 
acetate in benzene and ethyl acetate. For the polyvinyl acetate ethyl 
acetate system, the heat of dilution has been shown to be zero by 
direct measurement (14). Attempts to check this, and to determine 
the heat of dilution for the system polyvinyl acetate-benzene by meas¬ 
uring the temperature effect of osmotic pressure were not success¬ 
ful owing to difficulties encountered in operating the osmometer at 
elevated temperatures. These difficulties were associated with (a) 
holding the temperature of the osmometer sufficiehtly constant and 
(b) the formation of air bubbles in the cell liquids leading to fluctua¬ 
tions in the meniscus levels. To overcome these difficulties, a fur¬ 
ther modified Fuoss-Mead osmometer designed for immersion in the 
thermostat liquid is under construction and will be described later. 

Acknowledgment 

We should like to thank The Distillers’ Company Ltd. for the 
award of a Postgraduate Scholarship to one of us (C.R.M.) which made 
it possible to carry out these researches. 


REFERENCES 

1. C. R. Masson andH. W. Melville, J. Polymer Sci. 4, 323 (1949), 

2. R. M. Fuoss and D. J. Mead, J. Phys. Chem., £7, 55 (1943). 

3. N Grassle and H. W. Melville, Proc. Roy. Soc., in press. 

4. G. M. Burnett and H. W. Melville, Proc. Roy. Soc., A189, 456 
(1947). 

5. M. L. Hug^ns, Ind. Eng. Chem., 116, 980 (1943). 

6. A. F. Siriannl, L. M. Wise, and R, McIntosh, Can. J. Research, 
B25, 301 (1947). 

7. R. E, Robertson, R. McIntosh, and W. E. Grummitt, Can. J. Re¬ 
search, B24 , 150 (1946). 

8. J. H. Baxendale, S. Bywater, and M. G. Evans, J. Polymer Sci., 
1 237 (1946). 

9. H*. Mark, in “Der feste Korper.” Hirzel, Leipzig, 1938. 

10. A. Bartovlcs and H. Mark, J. Am. Chem. Soc., 65,1901 (1943). 

11. G. GeeandL.R. C. Treloar, Trans. Faraday Soc., 38,147 (1942). 



350 C. R. MASSON AND H. W. MELVILLE 

12. K. H. Meyer,C. G.Boissonas,Helv.Chim. Acta,2S, 430 (1940). 

13. G. Gee, ‘‘General Discussion on Swelling and linking" Trans. 
Faraday Soc., B42, 3.3 (1946). 

14. R. F. Tuckett, ^^Oeneral Discussion on Swelling and Shrinking.” 
Trans. Faraday Soc., B42, 45, ref. 2 (1946). 

Synopsis 

Bacterial cellulose membranes have been used successfully to 
measure the osmotic pressures of a number of high polymer-solvent 
systems. The dynamic method of Fuoss and Mead has been used in 
most cases,butforpolyvinyb^lene in benzene the rate curves are not 
symmetrical since the solvent passes through the membrane faster 
from the solution side. The molecular weight values for two poly¬ 
vinyl acetates agree well with the calculated kinetic values, and for 
polyethyl sebacate the value obtained agrees with that found by end- 
group titration. Values of the Huggins ‘‘constant” fi. are given for 
various systems. 


Resume 

Des membranes de cellulose bacterienneont ete employees avec 
succes pour d^erminer les pressions osmotiques d’un certain 
nombre de systdmes polymdres-solvants. Dans la plupart des cas, 
la methods dynamique de Fuoss et Mead a et^ utilisi^e; pour le 
polyvinylxylene dans le benzene les courbes de vitesses ne sont 
toutefois pas symetriques parce que le solvant, provenant de la 
solution, passe plus rapidement i travers la membrane. Les valeurs 
despoidsmoleculairesde deux achates de polyvinyles correspondent 
aux valeur cinetiques calculees; pour le polys^ba^ate de I’ethyldne 
glycol la valeur obtenue correspond a celle determines par titration 
desgroupesterminaux. La constants de Huggins a ete ^tablie pour 
divers systimes. 


Zusammenfassung 

BakterielleCellulosemembranewerdenmit Erfolg fur Messun- 
geneiner Reihe von PolymeivLbsungsmittelsystemen beniitzt. In der 
Mehrzahl dieser Falls wurde die Fuoss-Meadsche Methods (dyna- 
mische Methods) benutzt. Fur Polyvinylxylol in Benzol sind die 
Geschwindigkeitskurvennichtsymmetrisch,dadas L^sungsmittel von 
der Lbsungsseite rascher durch die Membrane dringt. Die Mole- 
kulargewichtswerte fur zwei Polyvinylazetate stimmen gut mit den 
berechnetenkinetischenWertenuberein,undfur ein Polysebacinsaure 
Xtlqrl-Ester-Polymerisat ist der Wert dem durch Endgruppen- 
Titrierung erhaltenen gleich. Die Werte der Hugginschen‘‘Konstanten” 
werden fmr die verschiedenen Systems gegeben. 
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Specific Refractivity-Temperature Data 
for Polyvinyl Acetate and Polybutyl Acrylate * 

RICHARD H. WILEY and G. M. BRAUER, 

Venable Chemical Laboratory, University of North Carolina 


The possibility that specific refractivity (R)-temperature data 
for polymers show a change of slope at the second-order transition 
temperature, T,„, has been considered (1), but the lack of necessary 
data has not permitted a careful analysis of the possibility. In this 
paper we wish to present specific refractivity-temperature data for 
polyvinyl acetate over the range 0° to TO^C. and through the transition 
temperature,280C.,forpolybutylacrylateover the range 5° to 57°C., 
all above the transition temperature, -TO^C. Figure 1 shows the 
temperature dependence of refractive index and specific volume for 
polyvinyl acetate. Sample n. The specific refractivity-temperature 


Fig. 1. Temperature dependence of re¬ 
fractive Index and specific volume for 
polyvinyl acetate (Sample ll). 



data, calculated from both the Lorentz-Lorenz and Eyckman equations, 
is given in Table n. These data show that for polyvinyl acetate the 
specific refractivity varies from 0.2337 to 0.2348 (Lorentz-Lorenz) 
and 0.5198 to 0.5213 (Eyckman). The deviation of *0.0005 (L-L) and 
*0.0007 (E) is close to the eiqierimental accuracy achieved; *0,0004 
(L-L) and *0.0006 (E).It will be noted, however, that the data, par¬ 
ticularly for Sample II, show most of this change occurring above the 
transition temperature as an Increase with temperature. Below 
280c., the specific refractivlties are 0.2338 * 0.0001 (L-L) and 
0.5200 * 0.0002 (E). Above 280C. the values rise from 0.2339 to 
0.2348 (L-L) and 0.5201 to 0.5212 (E). 

The upward trend of specific refractivity above Tjn suggested 
that measurements on another polymer, with Tjq below the temperature 

♦This research was completed under contract N70nr-284, Task Order 
m, under siqiervision of the Office of Naval Research, Navy Depart¬ 
ment. The authors gratefully acknowledge this support. 
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range being studied, would show an increase clearly in excess of 
eJ 5 >erlmental error. Polybutyl acrylate, =-70°C., was selected. 
The data for this polymer show an increase in specific refractivity 
from 0.2533 to 0.2549 (L-L); 0.5638 to 0.5656 (E) in the range from 
5° to 57°C. The over-all change of 0.0016 (L-L) and 0.0018 (E) is 
double that observed for polyvinyl acetate. Since it corresponds to 
approximately twice the temperature interval, a change of the specific 
refractivity with temperature at the same order of magnitude is 
indicated. The increase with polybutyl acrylate corresponds to a 
variation of ^0.0008 (L-L) and ^.0009 (E) and is outside the experi¬ 
mental error. It is considerably greater than the temperature 
variation of moleciilar refraction for hydrocarbons (see T^le IV of 
reference 3). Further eiqperiments over a wider temperature in¬ 
terval which should magnify this increase and assist in establishing 
the phenomenon conclusively are in progress. 

It is recognized that, as a measure of electron polarizability, 
the specific refractivity would probably be nearly independent of 
temperature for polymers just as it is with low-molecular liquids 
(2,3) provided that the derivation of the Lorenz-Lorentz equation 
made no assumption contrary to conditions existing in the polymer. 
The Lorenz-Lorentz equation was derived with reference to the 
polarizability of an electron in an Isotropic medium (3,4). In order 
to take into account the added force on the electron due to polarization, 
a spherical cavity having its center at the position of the electron in 
question was cut out of the medium. The force at the center of this 
sphere averaged zero, as they would in an isotropic mediiun. The 
inadvisability of this assumption has been questioned before (3). In 
apolymer where the polarizability is referred to a unit of the polymer 
chain, and this unit is joined by primary valence bonds to similar 
units at each end, it seems possible that the atomic forces would not 
be isotropic. The spherical cavity should probably be r^laced by 
an unsymmetrical cavity, perhaps an ellipsoid, to correspond to the 
nonuniformity of the forces. Moreover, in apolymer the polarizability 
might conceivably vary as adjacent units change their relative po¬ 
sitions through rotations about carbon-carbon bonds, an effect usually 
associated with temperature changes. The data presented here in¬ 
dicate that below Tjq no such revision of the Lorentz-Lorenz deri¬ 
vation is needed. The specific refractivity of the two polyvinyl acetate 
samples are constant within limits of experimental error below Tjq. 
Sample II shows less variation than Sample I. Confirmation over a 
wider temperature range would be helpful. Above Tm, however, there 
remains some possibility that some anisotropic effect, though very 
small, is involved, perhaps Introduced by increased rotation about 
carbon-carbon bonds above Tjq. 

EXPERIMENTAL 

The polyvinyl acetate. Sample I was prepared as a solid plug, 
8 X 30 mm., by polymerization of the purified monomer at 50°C. for 
48 hours with 50 mg. benzoyl peroxide per 25 ml. monomer as 
catalyst. The sample, free of all visible voids, was further heated 
at 70OC. for 24 hours and then for 100 hours at 85°C. at 5 mm., and 
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storedoverpho^horuspentoxideatall times except during measure¬ 
ments. 

The polyvinyl acetate, Sample n, was prepared as a solid plug 
by polymerization of the purified monomer at 40OC. for 72 hours 
with 50 mg. benzoyl peroxide per 25 ml. monomer. The sample was 
heated at 70°C. for 10 days and then at 70°C. for 100 hours at 3 mm., 
andwas stored over phosphorus pentoxide. Two identical plugs were 
used in the volume-temperature measurement to increase the sample 
size. 

The polybutyl acrylate was prepared as a simple plug by poly¬ 
merization of the purified monomer at 40OC. for 12 days with 50 mg. 
benzoyl peroxide per 25 ml. monomer as catalyst. The sample was 
further heated at 65°C. for 5 days, and then for 5 days at 60-70OC. 
at 2 mm., and was stored over phosphorus pentoxide. 

The polyvinyl acetate samples had limiting viscosities, from 
the plot of Ngp/C-C at C=0, in acetone at 250C. of 1.76 (Sample n) 
and 2.28 (San^le I). These correspond to molecular weights of 
570,000 and 830,000 using the constants previously determined for 
fractionated poly vinyl acetate (5). A suitable solvent for determining 
the viscosity of the polybutyl acrylate was not found. Gels were 
obtained in acetone, toluene, ethyl acetate, and other solvents, indi¬ 
cating that the polymer was of very high molecular weight. 

The relative volume-temperature data was determined by a 
previously described technique (6). The dilatometer was made from 
precision bore tubing 0.02 inch in diameter, and was checked for 
unif ormity of cross section. Thfi volume increments, which are 
sufficient to show the transition temperature, were converted to 
specific volumes, for use in the specific refractivity equation, from 
the determination of the sample volume at given temperatures. 

The refractive index was determined as previously described 
(7). Three different samples of the plug used in the relative volume 
measurements of polyvinyl acetate, Sample I, were used. The bulk 
sample was mounted between the heated prisms, so that practically no 
pressure was required to form the film. The three samples of polyvinyl 
acetate. Sample I, gave values of Njj agreeing to t0.0002, and T^ tl .0 ‘C. 


TABLE I. Physical Data for Polyvinyl Acetate and Polybutyl 
Acrylate 


Measurement 

Polyvinyl acetate 

Sample I Sample II 

Polybutyl 

acrylate 

Weight of sample, g. 

1.6925 

2.6927 

1.5599 

Density, 

1.18^53“ 

1.184/28' 

1.087/26' 

Volume of sazriple, ml. 

l.»t53l/35° 

2.2742/28' 

1.4351/26' • 

Refractive index^ 

1.4667/24' 

1.4664/25' 

1.4631/30' 

Transition teir5)erature, ®C. 




From volume/T 

50° 

GO 

CVI 

— 

Prom refractive index/T 

2gp 

00 

CVJ 

— 

•-0.002. *’-0.0003 




TABIS II, Si>ecific Refr€u;tivity-Ton 5 >erat\ire Data 
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ITS 


VO 


56.3 0.(A28 2.517Q 0.8605 1.4579 0.2348 0.5213 

48.4 0.0305 2.3047 0.8559 1.4603 0.2346 O.52ID 
42.2 0.0200 2.2942 0.8520 1.4621 0.2345 0.5206 
40.0 O.OI65 2.2908 0.8507 1.4628 0.2542 0.5205 
38.7 0.0145 2.2887 0.8500 1.4652 0.2342 0.5203 
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A duplicate set of measurements, of both relative volume and 
refractive Index, with a second saii^>le of polyvinyl acetate gave re¬ 
sults checking within experimental error as shown in Tables I and n. 

Density was determined using a pycnometer. Type A (8), and 
mercury Immersion. The values are given in Table I. 

A typical calculation for the data for polyvinyl acetate. Sample I 
at T > 69.8°C., using the notation previously adopted (6), follows. 

Volume of mercury (33°). The polymer sample was weighed 
and sealed in a dilatometer. The dilatometer with sample was 
weighed, filled with mercury, and reweighed. Weight of mercury, 
30.60 g.; volume of mercury using d 33 = 13.514; Vjjj = 2.2643 ml. 

Volume of sjunple (33°) = Density of polymer at 33°, 1.181 
to.002; weight, 1.6925g.; volume of polymer, 1.4331 ml. 

Volume of glass bulb (33°) = Volume of mercury, 2.2643, 
+ volume of sample, 1.4381, - volume of mercury in column, 0.0359 
(heightat33°, 17.70cm., x cross section, 0.002027 cm.^) =3.6617 ml. 

Height of mercury at 69.8°, 42.20 * 0.1 cm. 

Relative volume (Vr). From: 

AV = A(Xt^ - - (t, - t,)(a„V„ - agVg) 

where ajQ= 0.1819xl0"3and a_ = 0.96 x lO'S and values determined 
as above. 

.3 >3 

AV = 2.027 X 10 (42.20 - 17.70) - 36.8(0.1819 x lO x 2.2643) - 

. s 

(0.96 X 10 X 3.662) 


AV = 0.04966 - 0.01386 = 0.0358 ± 0.0001 


Vg = V + AV = 1.4331 + 0.0358 = 1.4689 (69.8°) 

similarly Vj^ = 1.4218 at 0°. 

Analyms of error . The values of the refractive index are 
determined to *0.OOO3, about * 0.02%. These deviations give in turn 
deviations of *0.1% in the (n2 - l)/(n2 + 2) term and *0.12% in the 
(o'* - l)/{n + 0.4) term. The absolute density and specific volume are 
determinedto *0.2%, but this deviation is eliminated from the relative 
values. The relative volume is determined to *0.001, or 0.07%, as 
limited by the reading of the height of the mercury column to *0.1 cm. 
From these deviations the maximum deviation in specific refractivity 
is *0.0004; 0.17%for the Lorentz-Lorenz value and *0.0006; *0.11%for 
the Eyckman value. The check runs with polyvinyl acetate ^ve values 
which are within these limits. The maximum deviation, between the 
5° valuesof 0.2341 and 0.2337, is *0.09%for the Lorentz-Lorenz value. 
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Synopsis 

Refractive index-temperature and volume-temperature data for 
polyvinyl acetate and polybutyl acrylate have been determined and used 
to calculate the specific refractivity as a fimction of temperature by 
the Lorentz-Lorenz and the Eyckman equations. The results show a 
variation of specific refractivity with temperature which exceeds 
experimental error. The variation is evident as an increase of specific 
refractivity with temperature above Tjjj and suggests experiments 
which will show the increase more clearly. A theoretical justification 
for the increase of specific refractivity with temperature in polymers 
is discussed. 


Resume 

Les variations del’indice de ref r action etdu volume de I’acetate 
depolyvinyleetdu poly acrylate debutyleenfonction de la temperature 
ont ete determin^es; elles ont permis le calcul de la refractivite 
specifique en function de la temperature, suivant les equations de 
Lorentz-Lorenz et de Eyckmann. La variation de la refractivity 
specifique en fonction de la temperature depasse les erreurs de 
mesures, et consiste en une augmentation de refractivite au dela de 
la temperature de fusion; elle suggere des experiences plus defini¬ 
tives. Une justification theorique pour cette augmentation de refrac¬ 
tivite specifique avec la temper^ure est dlscutee dans le casdes 
polymeres. 


Zusammenfassung 

Refraktionsindex-TemperaturundVolumen-Temperatur Werte 
fur Polyvinylazetat und Polybutylakrylat werden gemessen und zur 
Berechnung der spezifischen Refraktivitat als Funktion der Temp- 
eratur mit Hilf e der Lorentz -Lorenz und Eyckman Gleichungen benutzt. 
DieErgebnissezeigeneine Abweichung der spezifischen Refraktivitat 
mit Temperatur die nicht auf experimenteile Fehler zunickzufvihren 
ist. Die Abweichung zeigt sich als ein Ansteigen der spezifischen 
RefraktivitM mit steigender Temperatur, oberhalf von Tm und regt 
Experimente die dieses Ansteigen klarer zeigen, an. Eine theoretische 
Erklarungfur das Ansteigen der spezifischer Refraktivitat mit Temp¬ 
eratur in hochmolekularen Stoffen wird erortert. 
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Polymerization of Isobutene 
Catalyzed by Boron Trifluoride 

ALWYN G. EVANS and G. W. MEAIX)WS, 
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The effect of Friedel-Crafts catalysts on isobutene and di-iso¬ 
butene has been studied by Thomas et al. (1). Recent work (2) on these 
reactions has led to the conclusion that a third component, other than 
the Friedel-Crafts catalyst and the mqnomer, is necessary for an ap¬ 
preciable reaction rate to occur. In particular, it has been shown that 
rapid polymerization of isobutene does not occur when pure isobutene 
vapor is mixed with pure boron trifluoride gas; rapid polymerization 
occurs under these conditions only in the presence of a co-catalyst (3). 
In this paper we shall describe these eiqperiments together with later 
work and discuss the significance of the results obtained. 

EXPERIMENTAL 

Materials 

Isobutene was kindly given to us in cylinders by Messrs. Imperial 
Chemical Industries Ltd. (Billingham Division). It was purified in a 
high vacuum apparatus by distillation from -80‘C. to liquid air tem¬ 
perature followed by two further distillations over a sodium film heated 
at 70-80'C. The last 5 to 10% of the residue was discarded eabh time. 

Boron trifluoride was kindly given to us in cylinders by Messrs. 
Imperial Chemical Industries Ltd. (Billingham Division), and by the 
U. S. Rubber Co., Passaic, N. J, It was purified by several distilla¬ 
tions in vacuo from -80*0. to liquid air temperature. 

Apparatus and Experimental Method 

The reaction vessel (Fig. 1) consisted of a liter bulb (R) to which 
10 ml. pendant bulbs (A, B, and C) were connected by means of capil¬ 
lary tubing. These small bulbs could be isolated from the large bulb 
(R)bymeansof the 1-mm. bore taps (T^, Tg, and T^). The pressure 
in the reaction vessel R could be measured to 0.2 mm. by a mano¬ 
meter attached at M. The reaction vessel was connected to the high 
vacuum system by the tap Tj. 

The purified materials required in each experiment were distil¬ 
led in turn into the reaction vessel and their pressures measured on 
the manometer with tap T^ closed. After measuring the pressure in 
the known volume R, each component was condensed into a liquid air¬ 
cooled pendant bulb, isolated by closing the appropriate tap, and stored 
in the condensed state until required in the reaction. The various 
gases were reintroduced into the vessel R by warming each of the 
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small bulbs in turn to room temperature and then allowingthe enclosed 
gas to eiqtand into the reaction vessel. The order of mixing was ar¬ 
ranged so that the gases already in bulb R were at a considerably 
lower pressure than the initial pressure of the incoming gas. Since 
the last component to be added was usually boron trifluoride, at a high 
pressure, the final mixing was very rapid. In those experiments which 
resulted in reaction, the polymer produced was a liquid and had a neg¬ 
ligible vapor pressure at room temperature (less than 0.2 mm) .Thus the 
progress of the reaction could be followed by the fall in pressure re¬ 
corded on the manometer. No attempt was made to thermostat the 
reaction vessel, and so all the reactions were carried out at room 
temperature. 



Pure and Unpurified Isobutene 

Boron trifluoride, usually 10-15 mm. pressure, was measured 
in bulb R, and condensed into a pendant bulb where it was isolated 
from the reaction vessel. Vessel R was pumped out for about 10 min¬ 
utes and 100 to 110 mm. pressure of isobutene was then introduced. 
The bulb containing the boron trifluoride was then warmed up to room 
temperature, the resulting pressure being 1000-1500 mm. in the closed 
bulb. The boron trifluoride was then allowed to expand into the iso¬ 
butene in vessel R. 

It was found that when unpurified isobutene taken directly from 
the cylinder was used, a rapid reaction occurred on introducing boron 
trifluoride (Fig. 2, curve A). This reaction was accompanied by the 
formation of a dense fog throughout the reaction vessel. The polymer 
produced was a liquid which streamed down the vessel walls. When 
boron trifluoride was introduced into purified isobutene, however, the 
resulting pressure was found to be the sum of the individual pressures 
of boron trifluoride and isobutene, and only a slow reaction took place 
(Fig. 2, curve B). This very slow reaction was not accompanied by 
any fog but led to the formation of small droplets of liquid polymer on 
the vessel walls. It was fotmd that the more rigorously the isobutene 
was purified the slower was this reaction, and we attribute this slow 
reaction to residual impurity still present in the isobutene. 

Whenever apractically nonreacting boron trifluoride - isobutene 
mixture was condensed into an external trap cooled in liquid air, and 
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the cooled mixture then allowed to return to room temperature, it was 
foimd that the isobutene fraction of the gas mixture had polymerized to 
give a white solid. The boron trifluoride reaction of the gas mixture 
could be distilled back unchanged into R, where its pressure was found 
to be equal to the pressure of boron trifluoride taken initially. In all 
the experiments described above it was found that within the accuracy 
of our technique the polymerization reaction did not consume .any boron 
trifluoride. 


Fig. 2. Polynerizatlon of isobutene 
by boron trlfluorlde. A, unpurlfled 
isobutene: B, distilled Isobutene; 

C, distilled Isobutene plus ij res¬ 
idue vapor; D> distilled isobutene 
plus o.li water vapor. 
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Pure Isobutene Mixed with Distillation Residue 

On distilling off the excess isobutene at -80*0. from the residue 
rejectedinthe first distillation of the isobutene purification process, 
a white solid was obtained which liquified on warming to room temp¬ 
erature. Mixtures of about 100 mm. of purified isobutene and 1 mm. 
of the vapor of this residue were made in the reaction vessel R. When 
boron trtfluoride was introduced into such mixtures a dense fog was 
formed, andrapidpolymerization of the isobutene occurred (curve C, 
Fig. 2). The above experiments prove that under these conditions the 
rapid polymerization of isobutene by boron trifluoride requires the 
presence of athird component, or co-catalyst, in addition to the mon¬ 
omer and the Friedel-Crafts catalyst. 

Identification of the Residue from Isobutene Purification 

The colorless liquid Isolated from the residue described above 
was identified as water by melting point and vapor pressure measure¬ 
ments. Thus in the foregoing ejqieriments the co-catalyst was water. 
This was confirmed by the fact that rapid reaction occurred when pure 
isobutene containing 0.1% water vsqior was used (curve D, Fig. 2). 

Reaction of Isobutene in the Presence of Other Co-catalysts 

We have foimd that tert-butyl alcohol and acetic acid are also 
effective co-catalysts for this reaction. The effect of these substances 
on the polymerization of gaseous isobutene was studied as follows. 
Mixtures of the co-catalyst and isobutene were prepared in the re¬ 
action vessel R by introducing them in this order, and the boron tri¬ 
fluoride was then added. The initial pressxires of isobutene and bo¬ 
ron trifluoride were of the order of 100 mm. andlS mm.,respectively. 
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while the pressure of co-catalyst was very small in this series of ex¬ 
periments (<0.1 mm.). The small quantities of co-catalyst used in 
these experiments were measured out as follows. The large bulb R 
and one of the small pendant bulbs was filled with co-catalyst vsq>or 
at the desired pressure (which was within the range 1 to 10 mm.). The 
pendant bulb was then isolated, the reaction vessel pumped out, and 
the co-catalyst distilled from the pendant bulb into the reaction ves¬ 
sel. Knowing the volume ratio of bulb R to pendant bulb, the total 
quantity of co-catalyst in R was then determined. This total quantity 
Includes that fraction of the co-catalyst adsorbed on the walls of re¬ 
action vessel R. In this paper we refer to the total quantity of co-ca- 
talyst present in the system by the pressure it would exert if it were 
completely in the gas phase. 

Since water was proved to be such an effective co-catalyst for 
this reaction, the acetic acid and tert-butyl alcohol were purified by 
fractional crystallization and fractional distillation under high vac¬ 
uum conditions. The tert-butyl alcohol was first treated with sodium. 
The sample finally used as the source for all the small quantities re¬ 
quired in the experiments was collected in a tiibe under high vacuum 
and isolated by means of a tap when not reqiiired. In order to estab¬ 
lish the purity of this material without ejqposing it to the atmosphere, 
small samples were collected and sealed under vacuum before and 
after the distillation of the experimental sample. The melting points 
were measured and found to agree closely with the literature values. 
The quantity of water present in either the acetic acid or the tert-butyl 
alcohol was thus shown to be less than 0.5%, and the effect of these 
substances as co-catalysts was far greater than could possibly be at¬ 
tributed to any such small quantity of water impurity. 

It was found that 0.01 mm. pressure of co-catalyst in 100 mm. 
pressure of isobutene gave a slow reaction, while 0.1 mm. pressure 
restilted in a very r^id polymerization. The rapid reactions were 
always accompanied by a dense fog and the production of liquid poly¬ 
mer which streamed ^wn the walls of the vessel. In the case of the 
slow reactions, fog was not produced on adding boron trifluoride, al¬ 
though on many such occasions an immediate filming of the reaction 
vessel wall was observed. 

The marked increase in rate over the range of co-catalyst pres¬ 
sure, 0.01 mm. to 0.1 mm., jq)peared to be accompanied by a change 
in the nature of the reaction. The slow reactions were first order in 
isobutene, but the pressure-time curves for the fast reactions showed 
a sudden drop in rate during the course of the reaction. This effect 
may be seen in Figure 3, which shows the change in polymerization 
rate on varying the tert-butyl alcohol pressurefrom 0.01 toO.l mm. 

The dependence of the reaction speed on the amount of catalyst 
present was found for both water and acetic acid to be very similar 
to that observed for tert-butyl alcohol. 

In recent esqieriments we have found that diethyl ether can act 
as a co-catalyst for this reaction, and that its efficiency is very low 
compared with that of water, tert-butyl alcohol, and acetic acid. (To 
produce a given reaction r^e the pressure of ether required is at 
least ten times that necessary in the case of the other co-catalysts.) 
T(q)chiev and Tumerman have also used boron trifluoride etherate to 
po^merize isobutene in the gas phase (4). 
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Fig. 3. Polymerization of isobutene 
containing varying amounts of tert> 
butyl alcohol. 


Effect of Co-catalyst on First-Order Constant of Slow Reaction 

To determine the effect of the co-catalyst on the first-order 
constant of the slow reaction, isobutene was used which had been dis¬ 
tilled once only in order that the small amount of co-catalyst remain¬ 
ing would give a moderate reaction rate. 250 mm. of this isobutene 
were introduced into R and separate 50-mm. portions of this sample 
were Isolated by condensing in tiurn into three of the pendant bulbs. 
The reaction was started by introducing 15 mm. boron trifluoride into 
the remaining 100 mm. of this isobutene in R, and when about half of 
this had polymerized, a further quantity of isobutene was introduced 
from one of the pendant bulbs. This was done three times in all. On 
each occasion an increase in the reaction rate was observed, although 
the initial isobutene pressures were comparable (Fig. 4). The slopes 
of the first-order plots for each stage of the reaction (Fig. 5) were 
foimd to increase with increase in the total quantity of isobutene which 
had been added in that and the previous stages of the ejqperiment. (Ta¬ 
ble I gives the results for two e;q>eriments, A and B. Figures 4 and 5 
illustrate experiment A.) Since the addition of each sample of iso- 




Flg. 4. Increase In rate 
of reaction as successive 
samples of isobutene are 
Introduced Into reaction 
vessel. 



Fig. 5. First-order plots for 
reaction of Isobutene after suc¬ 
cessive samples have been Intro¬ 
duced. (See Table I, A, for ra¬ 
tio of total Isobutene to Init¬ 
ial Isobutene and for ratio of 
first-order constant to Initial 
constant.) 
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butene introduces a further quantity of co>catalyst into the reaction 
vessel, these results show that the first-order constant increases with 
increase in the total quantity of co-catalyst present. 

TABLE I. Effect of Co-catalyst on the First-Order Constant 


Stage 

of 

experi¬ 

ment 

Total quantity 
of isobutene 
added (mm. 
pressure in B). 

Batio of 
total iso¬ 
butene to 
initial 
isobutene 

First-order 

constant, 

min. 

Batio of first- 
order con¬ 
stant to 
initial 
constant 

A 

1 

96 

1 

2.5 X 10‘3 

1 

2 

lif6 

1.5 

3.8 

1.5 

3 

192 

2.0 

5.2 

2.1 

if 

23^ 

2.5 

7.1 

2.9 

B 

1 

100 

1 

1.9 X 10'3 

]. 

2 

148 

1.5 

2.7 

1.4 

3 

248 

2.5 

6.1 

5.2 


Necessity of Excess Boron Trifluoride for the Fast Reaction When 
Acetic Acid is Co-catalyst 


4 mm. boron trifluoride was introduced into a mixture of 100 mm. 
isobutene and 6 mm. acetic acid. Although the co-catalyst concen¬ 
tration was 50 times that required (0.1 mm.) to give a fast reaction 
in the presence of excess boron trifluoride, the observed rate was 
quite slow (Fig. 6). On the further addition of 15 mm. boron trifluoride 



Fig. 6. Necessity tor excess boron 
trlfluorlde for the fast reaction 
when acetic acid Is the co-catalyst: 
A, 4 mn. BFg Is added to 100 nn. 
Isobutene plus 6 mn. CHaOOOH; B, an 
additional IS n*. BFg Is added. 


to this slowly reacting mixture, the reaction became very rapid, and 
the final pressure (5 mm. BF,), indicated that altogether 14 mm. of 
boron trifluoride hs^beenremovedby the6mm. of acetic acid. Since 
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acetic acid is largely dimerized in the v^r phase, this indicates that 
in the final stage of this reaction some complex of composition BFj 
(CHgCOOH) must be present). 

Addition Complex of Co-catalyst with Boron Trifluoride 

E:qperiments were performed in which excess boron trifluoride 
was added to 5 to 10 mm. pressure of co-catalyst either alone or mixed 
with purified isobutene in the reaction vessel R. In those cases in 
which isobutene was present, a very fast reaction accompanied by a 
dense fog was observed, and the final pressure of boron trifluoride 
was appreciably smaller than the initial value due to removal of boron 
trifluoride by the co-catalyst added to the system. When no Isobiitene 
was present a beam of spray was observed across the vessel R from 
thepointof entry of the boron trifluoride into the co-catalyst, and this 
spray settled immediately on the surface of the vessel. (The density 
of this spray was much less than that of the fog obtained when iso¬ 
butene was present.) There was an immediate drop in pressure due 
to the removal of boron trifluoride and co-catalyst, and the residual 
pressure was that of excess boron trifluoride. The results obtained 
in these experiments are given in Table n. 


TABIE II. Composition of Co-cntalyst Boron Trlfluorlde Complex 




Pressure 

in R, ram. 



Co-catalyst 

ISO“ 

butene 

Co“ 

catalyst. 

Initial 

BF^ 

Final 

BF3 

BF3 

con“ 

sumed 

BF3 consumed/ 
co-catalyst 

Water . 

98 

ll,'^ 

47. j 


12.6 

1.1 

Water . 

105 

10.0 


^■ 9.0 

11.8 

1. 

Water . 

62 

10.0 

65.6 

4 r .5 

11.5 

1 .1 

tert “Butyl alcoliol 

“ 

0.0 


rit.U 

6.2 

1 ,1 

terb“Butyl alcohol 

“ 


:' 4 .i 

19.b 

4 . 

1.1 

Acetic acid. 

100 

6.0 

19.0 

^.6 

14.4 

1.4 

Acetic acid. 

“ 

6.0 

15.0 

0.8 

14.2 

2 .4 

Acetic acid. 

“ 

4.0 

15.0 

6,0 

9.0 

. .5 

Acetic acid. 

“ 

4.5 

15.0 

5.0 

10.0 

i \ 


In the case of water and tert-butyl alcohol, it was found that the 
co-catalyst combined with boron trifluoride in equal proportions as 
measured by the fall in pressure. For acetic acid, it was found that 
there was an initial r^id fall in pressure followed by a slow con¬ 
sumption of boron trifluoride. Since acetic acid vapor is highly dim¬ 
erized, the composition of the boron trifluoride - acetic acid addition 
complex finally obtained was probably BFg (CHj.COOH). This final 
composition was attained only slowly, and in the presence of excess 
boron trifluoride. The complex crystallized on the walls of the re¬ 
action vessel. These crystals were stable only in the presence of ex¬ 
cess boron trifluoride; on removing the excess boron trifluoride from 
above the crystals, either by pumping it away or by condensing it into 
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another vessel, the crystals slowly liquified and decomposed with the 
evolution of a gas. This showed that the conqwund BF,(CH 3 .COOH) 
had a dissociation pressure of boron trifluoride at room temperature, 
and the removal of the excess boron trifluoride from the system caused 
the crystalline complexto decompose, pr(d)ably to give the liquid com¬ 
plex BF,(CH,.C 00 H )2 according to the equation; 

2BF9(CHs.C00H)-- BF8(CHs.C00H)s + BF* 

Meerwein (5) has reported that boron trifluoride forms two complexes 
with acetic acid. First, a fairly stable liquid, BF 3 (CH 3 .COOH)„ b.p. 
53-S4‘’C. (10 mm.), and, in the presence of excess boron trifluoride, an 
unstable crystalline compound, BF,(CH,.COOH), m.p. 23-241!!. We 
have prepared a crystalline complex by saturating about 10 cc. acetic 
acid with boron trifluoride. The composition of this complex was 
shown to be BF,(CH 3 .COOH) by weif^ng both the initial acetic acid 
and the final complex. The meltiiig point of this compound was found 
to be 38°C. under its own dissociation pressure. 


Polymerization of Isobutene Using Preformed Boron Trifluoride 
Acetic Acid Compound as Catalyst 

BF 3 (CH 3 .C 00 H), the crystalline boron trifluoride - acetic acid 
complex, was prepared in the reaction vessel R, and the excess boron 
trifluoride was condensed oft into an external trap. The decomposition 
of the crystals due to the removal of the excess boron trifluoride was 
a slow process, and it was possible to introduce pure isobutene from 
a pendant bulb before any appreciable change in the crystals had se¬ 
cured. The isobutene polymerized rapidly (Fig. 7A) without the pro¬ 
duction of any fog, and liquid polymer was observed only at the points' 
where crystals had developed. The reaction vessel was then pumped 
out for thirty minutes, andafurther sample of pure isobutene was in¬ 
troduced into R. This sample polymerized at a reduced rate (Fig. 7B). 



Fig. 7. Reaction of Isobutene on bo¬ 
ron trlfluorlde - acetic acid coa- 
plex: A, reaction of Isobutene on 
crystals of BFa.CHaOOOH: B, reaction 
of Isobutene after crystals had been 
puaped out for 30 nlnutes; C, accel¬ 
eration of this slower reaction when 
BFs Is Introduced. 


Introduction ofborontrifluorideacceleratedthis slower reaction (Fig. 
7C) and produced a fog. This fog was probably due to the fact that 
vapor of the BF 3 (CH 3 .CCX>H )3 complex present in the gas space was 
converted to the crystalline complex, BF 3 (CH 3 COOH), on introduction 
of excess BF 3 . From these eiqperiments it was concluded that the ex¬ 
cess boron trlfluorlde necessary for the occurrence of the fast reaction 
is required in order to produce and stabilize the BF 3 (CH 3 COOH) com- 
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plex (which appears to be much more active than the complex 
BF,(CH,COOH),) in accordance with the equilibrium: 

BFaCCHgOWH), + BFa 23F»(CHaOOOH) 

E^q^eriments Showing that the Reaction at Room Temperature Does 
not Occur in the Gas Phase 

As described above, in the presence of crystals of BF,(CH,COOH) 
the polymerization of isobutene gas occurred only on the surface of the 
crystals, the remaining portion of the reaction vessel wall remaining 
free from polymer. This indicates that under these conditions the 
polymerization is not occurring in the gas phase. We shall now 
describe ezperiments with support this conclusion. 

APPARATUS 

The apparatus consisted of two 1-liter reaction bulbs (Rj andR,) 
connected through a 2-mm. bore tap (T,) and provided with mercury 
manometers (Ml and M,). Ri had 10-ml. pendant bulbs attached, each 
bulbbeingequippedwlthal-mm. boretap. Thebulb wasattachedto 
the main high vacuum system. 

EXPERIMENTAL 

The apparatus was pumped out for about an hour prior to these 
ejqierimentsandduringthisperlodboththe manometers and the whole 
of bulb R, were heated to remove traces of water adsorbed on the glass 
walls. Cleaning of the vessel surfaces was found to be particularly 
important in the case of slow reactions because of their sensitivity 
to moisture. It was only by taking great care in this way with bulb 
R, and manometer Mj that the subsequently described nonreacting 
gaseous mixtures of isobutene and boron trifluoride were obtained. 
Slow reactions were started in R^ with Tj closed, using water as a 
co-catalyst and the mixing technique previously described. After fol- 
lovring the reaction in R| for some time, tap T, was opened and the 
gas mixture was expanded into the previously evacuated vessel R2> 
when the pressures in Ri and R, were followed separately by the mano¬ 
meters Ml and M,. 

The mixture of isobutene and boron trifluoride which was iso¬ 
lated in R, by this method was found to be nonreacting, while the iso¬ 
butene in Ri reacted to completion. Figure 8 shows the result of an 
experiment in which, 17 1 /2 hours after the initial esqtansion from Ri 
to R, (during which time the isobutene in Ri had reacted almost com¬ 
pletely), the nonreacting mixture in R, was allowed to e;q>and back 
into Ri and the bulbs again isolated. The isobutene now reacted in 
Ri, curve A', but the pressure in R, again remained steady, curve B*. 
These e 3 q>eriments lead to the conclusion that this reaction does not 
occur in the gas phase, all the active complex remaining in Ri on ex¬ 
pansion. The first-order plot given by the reaction in Ri (curve C, 
Fig. 8) shows that the activity of the catalyst remains constant over 
the long period of the reaction. 

With small concentrations of co-catalyst, expansion from Rj to 
R, only 30 seconds after the Introduction of BF, into R^ gave a non- 



868 ALWTN G. EVANS AND G. W. MEADOWS 


reacting mixture in R,. This shows that the complex either settled 
very r^idly, or that in the cases adiere only small quantities of co- 
catalyst were used the complex was formed initially on the vessel 
wall. This could explain the filming of the wall which has been re¬ 
ferred to earlier. 

Imm ediate expansion (that is, after about 2 seconds) of#a sys¬ 
tem containing a high concentration cd co-catalyst resulted in a fast 
reaction in R, and a much slower one in R,. Only a small fraction of 
the fog produced In R^ (on admitting the boron trifluoride) passed into 
R,. It appears, therefore, that the bulk of the complex is deposited 
very rapidly on the vessel wall. This process is probably accelerated 
by the formation of droplets of polymer on the small particles of com¬ 
plex. 



Fig. 8. Expansion experiments to show that the 

reaction does not occur in the gas phase. 

A: Isobutene remaining In vessel Ri continues to 
react. 

B: Isobutene expanded into vessel Rj does not re¬ 
act. 

A': Isobutene expanded back from Rj Into Ri again 
reacts. 

S'; Isobutene remaining In vessel Rj does not react. 

C; First-order plot for the reaction Illustrated by 
curve A. 


It was found that even the completely unreactive gaseous mix¬ 
tures of isobutene and boron trifluoride obtained in R, by the eiqian- 
sionfrom R^of slowly reacting mixtures gave a solid polymer on con¬ 
densing by means of a liquid air cooled pad on the vessel wall and al¬ 
lowing to warm iqi to room temperature. 

In recent eiq;>eriments we have found that when isobutene and 
boron trifluoride are still more rigporously purified they can be mixed, 
condensedby liquid air, and allowed to warm up to room temperature 
without the isobutene being polymerized. When laboratory air is in¬ 
troduced into the system containing the liquid air cooled mixture, poly¬ 
merization to a solid high molecular weight polymer occurs on allowing 
the mixture to warm up. 

The BFg.HgO complex, which has a negligible boron trifluoride 
pressure at -80°C., was found to be catalytically active at this tem¬ 
perature and converted isobutene to solid high molecular polymer. 
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Examination of the Polymer 

The product of the room temperature polymerization reaction 
describedin this paper is acolorless mobile liquid with a vapor pres¬ 
sure of less than 0.2 mm. The accumulated product of the polymer- 
izationof successive batches of isobutene was examined. No attempt 
was made to determine the molecular weight distribution for this ma¬ 
terial, but solutions were made in benzene and the freezing point de¬ 
pression measured. In this way a value of 278 was obtained for the 
molecular weight of a sample of polymer prepared by the same method 
as that used inthe reaction experiments. The refractive index of this 
sample was also measured and a value of 1.4581 was foimdfornp . 
The corresponding values for the olefin C 20 R 4 O are 280 and 1.4600, 
respectively. Samples of polymer were also left in contact with a 
brominatlng solution at room temperature for various times. (The 
brominating agent was a methanol solution of bromine saturated with 
sodium bromide ( 6 )). The excess bromine was titrated using potassium 
iodide and sodium thiosulfate. Any hydrogen bromide liberated by sub¬ 
stitution was determined by the addition of potassium iodate and ti¬ 
tration of the liberated iodine with thiosulfate. It was found that bro- 
minationofthe polymer was a slow process; two hours were required 
for the removal of an amount of bromine corresponding to one double 
bond per molecule. It was also found that all the bromine taken up by the 
polymer was absorbed by substitution and not by addition. 

DISCUSSION 


Introduction 


Whitmore (7) has discussed the polymerization of olefins by acid 
catalysts and has proposed a general theory for the mechanism of these 
reactions. This involves the addition of a proton to one end of the ole¬ 
fin double bond to give a carbonium ion which can then give rise to a 
polymerization chain process. This process can be terminated by the 
elimination of a proton from the gorwing polymer molecule. 

Polymerization by Friedel-Crafts catalysts has been discussed 
by various authors ( 8 ). According to Himter and Yohe ( 8 a) and Price 
( 8 b) the catalyst molecule adds on to the olefin double bond to give a car¬ 
bonium ion which can initiate the polymerization chain process, for 
example: 


FaB + CHs=C 
CHg 


CHa 

Fai’- CHa-C"^ 
CH, 


( 1 ) 


CHa 

FaB - CHa-C* + 
CHa 


CH, 
CH,= C 
CHa 


CHa OTg 

FaB - CHa-C-CHa-C^ 


I 

CHq 


I 

CHg 


( 2 ) 


This mechanism would result in a polymerization rate deter¬ 
mined by the concentrations of boron trifluoride and isobutene. The 
fact that isobutene vapor and boron trifluoride gas can be mixed to 
give a nonreacting mixture, the pressure of which is equal to the sum 
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of the pressures of the incUvldttal gases, shows, however, that under 
these conditions there is no addition of the two molecules in the way 
representedbyequationl.Forthereactiontoproceed, a co-catalyst- 
inactive itself - is required as well as the boron tiifluoride. 

Houtmanhas reported that traces of water are not essMitlal for 
the polymerization reaction of isobutene with boron tiifluoride and 
aluminium chloride under conditions where high molecular weifi^ 
products are formed, although he finds that the reaction proceeds more 
slowly when working under dry conditions (8f). 

Our recent ejqieriments referred to above show that a co-cata- 
lyst is necessary for the rapid low-temperature, high molecular weight 
polymerization of isobutene by boron trifluoride. 

Kinetics of the Reaction 

The boron trifluoride and the co-catalyst combine to form a 
complex. Inthe particular case of acetic acid, the polymerization of 
isobutene proceeds rapidly in the presence of BF,.CH,COOH crystals, 
and the fact that the reaction does not occur in the gas phase as dem¬ 
onstrated by this esqperiment has been confirmed by experiments in 
which the co-catalyst was water by expansion of the reacting gas into 
a second volume in which the expanded gas does not react. 

The fog that is produced initially when the gaseous reactants 
are mixed to give a fast reaction is, we think, due to the fact that the 
molecules of boron trifluoride - co-catalyst complex first produced 
inthe gas space aggregate to form particles on which the liquid poly¬ 
mer is produced. In the case in wlfich isobutene is introduced into 
the reaction vessel containing crystals of BF,.CH,COOH on the ves¬ 
sel walls, no fog is produced, since in this case there are no particles 
of catalyst complex distributed throughout the reaction vessel space. 

Slncethe reaction, under the conditions described in this paper, 
is not occurring in the gas phase, it is dlfficiilt to interpret the pres¬ 
sure-time curves in terms of reaction kinetics. Even in the slow re¬ 
actions, where first-order constants are obtained which increase with 
increase inthe amount of co-catalyst present, it is difficult to know to 
what process this first-order constant refers, since after the first 
stages of the reaction, the surface of the catalyst complex will be 
coveredwitha layer of liquid polymer in which some of the monomer 
and catalyst will dissolve so that reaction may be taking place in 
solution. 

In connection with these experiments, however, there are two 
important points: (a) that the first-order relationship persists with 
time; and (b) that the first-order constant increases with successive 
additions (rf co-catalyst. From these facts we conclude that the ac¬ 
tivity of the catalyst remains constant over long periods of time. 

The Initiation of Polymerization 

The fact that the activity of the catalyst does not decrease as 
the polymerization reaction proceeds Indicates that the mechanism 
of this reaction does not Involve the permanent removal of any groip 
from the catalyst complex. This point is further emphasized ^ the 
fact that 0.01-mm. pressure of water vapor is more than sufficient to 
cause the complete, although very slow, polymerization of 100-mm. 
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pressure of lS(A)utene. Thus, one water molecule can be effective In 
the polymerization of at least 10,000 molecules (rf isobutene. Since 
there are, on the average, five isobutene units in the polymer mole¬ 
cule, this means that one water molecule can be effective in the pro¬ 
duction of at least 2000 polymer molecules. (The reaction of liquid 
di-isobutene also requires a small quantity of co-catalyst and gives 
low-molecular products (2). From experiments on the stannic chlo¬ 
ride polymerization of W-butyl vinyl ether, Eley and Pej^er (8d) con¬ 
clude that one molecule of stannic chloride may start a number of 
chains. R. L. Meier (private communication) has found that in the 
polymerization of 2-butene by aluminum chloride, as many as 50-100 
polymer molecules may be produced for each aluminium chloride 
molecule used.) At low temperature, high-molecular polyisobutene 
is formed, so that under these conditions the mechanism of reaction 
must be a chain process. We shall thus discuss the room tempera¬ 
ture reaction in terms of the same chain mechanism. The chain pro¬ 
cess must occur by the addition to the end of the monomer double bond 
of a particle from the catalyst complex (e.g., a hydrogen) which can 
be returned later to the complex residue or to another monomer mole¬ 
cule from a different part of the polymer molecule. In this way the 
activity of the catalyst would be constantly regenerated throi^hout the 
reaction. The product obtained at room temperature contains an av¬ 
erage of five isobutene units, and this strongly suggests that, under 
these conditions, the chain len^h is two units only. This we conclude 
from the fact that, when di-isobutene (i.e., two isobutene xmits) is treat¬ 
ed with boron trifluoride, the product contains practically nothing of 
higher molecular weight than C„H, 2 , (i*e>, four isobutene units) (9). 

Chain Mechanism 


(a) Radical Mechanism 

A radical polymerization chain could be initiated by the transfer 
of a hydrogen atom from the boron trifluoride co-catalyst complex 
F,BOa to the double bond to give a free radical, which could then give 
rise to af ree radical polymerization chain. If termination of this chain 
occurred by the transfer of a hydrogen atom from the active end of 
the growing chain back to the F,BOX residue, this would lead to that 
constancyof catalyst activity with time which is observed experimen¬ 
tally. 

Jhis transfer of a hydrogen atom from the catalyst complex 
FjBOg to the isobutene molecule will be a very endothermic process. 
The hydrogen atom affinity of isobutene is 42 Real. (3b), whereas the 
energy of breaking the first O-H bond is HjO is 118.6kcal. (10); this 
gives an endothermicity of about 76kcal.forthisprocess. Even though 
the coordination of the boron with the oxygen may reduce this bond 
strengthbelow its value in water, it is difficult to imagine that it can 
be reduced sufficiently to give an activation energy which would ac¬ 
count for the observed reaction rate. 

(b) Carbonium Ion Mechanism 

The initiation mechanism for Friedel-Crafts catalyzed polymer¬ 
ization of isobutene has been discussed in terms of the transfer of a 
proton from the co-catalyst complex to the olefin molecule (3b,3e). 
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(See also references (2) and (Sf).) For the case of the boron trifliu- 
ride > co-catalyst complex this process may be written (3b): 

FgB + 0-H = FsB - 0-H (3) 

X X 


FgB - 

X 


(X, 

CH,=C 

I 

CM, 


FsB 


0 + CHs-C^ 
X CHs 


(4) 


Where X may be H, (CH,),C, or CH,COO. 

In Figure 9, the molecules Involved in such a proton transfer 
are shown pictorially for isobutene and F 3 B.OH, complex. Figure 9B 
shows the FgBOH, complex. The structure of this compound has not 
been determined; the valence angles and bond distances which we have 
used have been taken by analogy with the structure reported for the 
dimethyl ether-boron trifluoride complex (11). The van der Waals* 
radii of the atoms have been taken as: 0,1.4; F, 1.35; H, 1.2. These 
are the normal values given by Pauling (12). The van der Waals* ra¬ 
dius for boron has been taken to be 0 . 8 A greater than the covalent ra¬ 
ins according to the general rule suggested by Pauling. Figure 9A 
shows the Isobutene molecule, and Figure 9C shows the carbonium 
ion (CH 3 ),C+. 



(C) 


Fig. 9. Models of (A) CMs^CfCHola. 
(B) FsBOHa, and (C) (CHslsC^. 


The transfer of a proton from theFjB.OHj complextothe planar 
isobutene molecule will leadtoaplanar (€ 113 ) 30 +carbonium ion. After 
the proton is transferred from theoaygenof F,B OH, to the CH, group 
of CH 2 sC(CH 3 ) 2 , the positive charge which develops on the central 
tertiary carbon atom of (CH 3 ) 3 C'*' will be attracted to the negative 
charge on the boron. This coulombic attraction which results from 
the transfer of a proton from the one molecule to the other is about 
80 kcal. in magnitude, and will be an important factor in promoting 
this proton transfer. 

It is difficult to assess the energetics of this proton transfer 
because one requires a knowledge of the electron affinity of the F,BOH 
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radical. Since complexes of the type FjBOHg have been found to be 
very strong acids (5), it is evident that the coordinate link between the 
oxygen and the boron causes a marked Increase in electron affinity 
from OH to F 3 BOH, and it is this term that will be the in^>ortant one 
in any such calculation. 

In discussing the possibility of this proton transfer we may con¬ 
sider the compound BFS. 2 H 2 O. According to Klinkenberg and Ketalaar 
(13), the solid BF 3 . 2 H 2 O is a hydronium salt of the monohydroxylfluo- 
boric acid, H (BF 3 OH), and has the structure OHJ (BF 3 OH)". This 
indicates that the transfer of a proton can take place from BFg.HjO to 
H 3 O. Since the proton affinity of isobutene, estimated as aboxit 189 kcal. 
(3b), is of the same order as that of water, given as 182 kcal. (14), it is 
quite reasonable to assume that the energetics involved in the transfer 
of aprotonfrom FgBOHgto isobutene are somewhat similar to those for 
the transfer of a proton from F 3 BOH 2 to water. 

Since diethyl ether behaves as a weak co-catalyst for the room 
temperature reaction, one must assume, according to the carbonium 
ion mechanism, that an ethyl positive ion is transferred from the 
BF 3 (OCaH 5)2 catalyst to the olefin. 

Propagation of Reaction 

Because of the coulombic attraction between the F3BOX residue 
and the positively charged carbon of the carbonium ion the propagation 
of the reaction under the conditions of our experiments probably occurs 
in such a way that the positive carbon always remains in contact with 
theFgBOX residue. In this case the addition of a new monomer mole¬ 
cule will occur at the point of attraction of F3BOX and the positive 
carbon of the carbonium ion. Even if the reaction occurs in solution 
with the polymer as solvent (a possibility which was mentioned ear¬ 
lier) it is very unlikely that dissociation of this ionic complex would 
occur in such a solvent. 

Termination of Reaction 

According to the carbonium ion mechanism, termination of the 
reaction cannot occur by mutual termination between positive carbon 
atoms. Termination can be brought about in two ways. One possi¬ 
bility is by the addition of a base to the positively charged carbon of 
the carbonium ion. In the presence of so strong an acid as boron trl- 
fluoride it is inconceivable that there can be any base present other 
than the F3BOX residue, and termination by base addition could mean 
only the addition of this residue to the positive carbon atom. 

To decide whether this mechanism is correct we may consider 
the results obtainedfor the slow reaction of isobutene. We have dis¬ 
cussed earlier the fact that, in these experiments, one water mole¬ 
cule produces at least 2000 polymer molecules. This fact eliminates, 
in this case, the possibilityjaf terminating the reaction by the addition 
of the catalyst residue F3BOX to the carbonium ion. 

Another possible method of termination is by the loss of a pro¬ 
ton from a CH 3 or CHj group adjacent to the positive carbon atom, 
with the formation of a carbon-carbon double bond. This proton could 
be lost in two ways. It might be lost to a monomer molecule to give 
a carbonium ion which could thus attack another monomer. (R. L. 
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Meier, private communication,has also postiilated the occurrence of 
this process inthepolymerization of 2j^butene by aluminium chloride.) 
Alternatively it could be lost to the F,BOH residue, thus regenerating 
the original complex which would then be available for 

the initiation of further reaction. (Similar methods of termination 
have been put forward in connection with the titanium tetra-chloride 
catalyzed reaction (3e).) 

As discussed above, it is most probable that in our eiqperlments 
the positive carbon is always in contact with the F,BOX residue. In 
this case, proton transfer directly from a carbonium ion to a monomer 
molecule in the presence of the F,BOX residue is thus little different 
from the tranter of a proton from the carbonium ion to the F^OX 
residue and the further transfer of that proton to a monomer mole> 
cule. 


Steric Hindrance in the Polymer 

The termination mechanism postulated in the preceding section 
would lead to the formation of a product which is a monoolefin with 
the double bond in the 1 or 2 position. The double bond may of course 
have been eliminated by the cyclization of the olefin, but we consider 
this to be extremely improbable. Since the polymer obtained at room 
temperature by the technique described in this paper is a mobile li¬ 
quid of molecular weight corresponding to about five monomer units, 
it is of interest to discuss the question as to whether low-molecular ole¬ 
fins of this type would be expected to polymerize further. Chalmers 
(15) has shown that the production of long-chain polymers will occur 
only if the end of the growing polymer chain is active and will react 
with monomer molecules faster than two monomer molecules will re¬ 
act with each other. Once a growing polymer molecule has been ter¬ 
minated by the loss of a proton the molecule has lost this activity 
and will then react further only if it is attacked by an active molecule 
or if it is reactivated. Union between two such polymers will result 
in a molecule for which further growth is prevented by steric hind¬ 
rance. This is found to be the case for di-isobutene; the action of 
boron trifluoride on this liquid produces practically no polymer of 
gpreater molecular weight than (9). This we believe, is due to 

the fact that since already in polyisobutene the methyl groups of one 
isobutene unit are iq)preciably compressed against those of the adjacent 
unit, it would be sterically impossible to replace one methyl group in 
eachisobuteneunitby a neopentyl group, (CH 3 )jCCHa, to give a long- 
chain polymer made up of di-isobutene units (9,16). 

The above discussion would lead us to e:iq>ect that the double bond 
in the polymer molecule is in such aposition that absorption of bromine 
by the polymer would be sterically hindered. It is of interest, there¬ 
fore, that we find that the product of this polymerization reaction ab¬ 
sorbs bromine much more slowly than does di-isobutene. Further, 
whereas 25% of the absorption of bromine by di-isobutene is due to 
addition, inthe case of the product of our polymerization experiments 
none of the bromine taken up is absorbed by straight addition. 
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Synopsis 

The polymerization reaction which occurs when butene vapor 
is mixed with boron trifluoride gas has been studied under various 
conditions. It has been found that this polymerization occurs only if a 
third component, or cocatalyst, is present. The fimction of the co¬ 
catalyst has been investigated, and the mechanism of the polymeri¬ 
zation reaction is discussed. 
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Resiime 

La reaction de polymerisation du butene, a I'etat gazeux, 
additionne de trifluorure de bore, a ete etudiee dans diverses con¬ 
ditions. Cette polymerisation ne se produit qu*en presence d'un 
troisiemecomposant, jouantle role d'un cocatalyseur. Le rdle de ce 
dernier a ete exmine, et le mecanisme de la reaction de polymeri¬ 
sation est discute' 


Zusammenfassung 

Die Polymerisation die stattfindet^wenn gasfSrmiges Butylen 
mit Bortrifluorid gemischt wird, wurde unter verschiedenen Ver- 
h91tnissenuntersucht. Es wurde gefunden dass diese Polymerisation 
nur stattflnde^wenn ein dritter Stoff, Oder Mltkatalysator, anwesend 
ist. Die Funktion des Mitkatalysators wurde untersucht und der 
Mechanismus der Polymerisation wird erbrtert. 


Received September 1, 1948 



journal of Polyner Science 


Vol. IV, pp. 377-398, 1949 


Redox Recipes. I. Reaction between Ferrous Iron 
and Peroxides. General Considerations * 

A. I. MEDALIA and I. M. KOLTHOFF, School of Chemistry, 
University of Minnesota, Minneapolis, Minnesota 


INTRODUCTION 

The reaction between ferrous iron and peroxides, particularly 
hydrogen peroxide, is of considerable importance in many fields and 
has been studied from several points of view. The usefulness of this 
reaction in organic chemistry was first recognized by Fenton (13), 
in the preparation of dihydroiQrmaleic acid, and by Ruff (43), in the 
degradation of sugars. Ferrous iron has been widely used as a re¬ 
agent in analytical chemistry for the determination of organic per¬ 
oxides, particularly hydroperoxides, although it has frequently been 
found that the reaction between ferrous iron and hydroperoxides is 
not stoichiometric (6,31,33). The polymerization of vinyl monomers 
can be initiated by the ferrous iron-hydrogen peroxide reaction. 
Recently it has been foimd (37,47,49) that polymerizations initiated by 
the reaction between ferrous iron and organic peroxides or hydroper¬ 
oxides are of considerable practical importance in the so-c^led 
redox polymerizations (v.i.). An understanding of the mechanism of 
the reaction between ferrous iron on the one hand and hydrogen 
peroxide, organic peroxides, and hydroperoxides, on the other, is 
essential for an understanding of the mechanism of redox polymer¬ 
ization systems. In the present paper the mechanism of the former 
types of reactions is reviewed; in subsequent papers results obtained 
with various types of redox emulsion polymerization recipes will be 
presented. 

In biochemistry the reaction of iron with hydrogen peroxide is 
of particular importance, inasmuch as atmospheric oxygen frequently 
reacts through hydrogen peroxide as an intermediate, while the action 
of many enzymes is believed to resemble that of ferrous iron (48); 
accordingly we find that the proposed mechanism of the ferrous iron- 
hydrogen peroxide reaction which is most widely accepted at present 
(that of Haber and Weiss (20)) was developed as an extension of a 
mechanism advanced for the action of enzymes on hydrogen peroxide, 
by Haber and Willstatter (21). In the mechanism of Haber and Weiss 
it is proposed that a hydroxyl radical is formed in the initial step of 
the reaction. This radical has very strong dehydrogenating prop¬ 
erties and is extremely reactive. Accordingly, it may be stated that 

‘This investigation was started under the sponsorship of the Office 
of Rubber Reserve, Reconstruction Finance Corporation, in connection 
with the Synthetic Rubber Program of the United States Government. 
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the wide Importance of the ferrous iron-hydrogen peroxide reaction 
is due to the formation of a highly active substance (such as hydroxyl 
radical) from the reaction of two common and relatively stable com¬ 
pounds. 

SURVEY OF MECHANISMS PROPOSED FOR THE FERROUS IRON- 
HYDROGEN PEROXIDE REACTION 

The mechanism of the reaction between ferrous iron and 
hydrogen peroxide has been studied much more extensively than 
those of the reactions between ferrous iron and other peroxides, for 
which, however, mechanisms may be inferred on the basis of that 
adoptedforthe former reaction. While an exact study of the kinetics 
of the ferrous iron-liydrogen peroxide reaction has been carried out 
only recently (12), several characteristic features of this reaction 
have been known since the beginning of the present century. These 
features, which the various proposed mechanisms have attempted to 
explain, may be summarized as follows. 

1. In aqueous solutions containing only ferrous iron, hydro¬ 
gen peroxide, and stable inorganic salts and acids, the stoichiometric 
equation: ++ + +++ 

H 2 Q 2 + 2Fe + 2H = 2Fe + 2HaO (1) 

is obeyed when ferrous iron is present in excess over the peroxide. 
2. When the peroxide is in large excess over the ferrous iron, less 
ferrous iron is oxidized than would correspond by equation 1 to the 
hydrogen peroxide consumed. The remaining hydrogen peroxide is 
deconq>osed to oxygen and water. 3. In the presence of many or¬ 
ganic compounds, as well as of certain easily oxidized inorganic 
compounds such as iodide ion, part of the hydrogen peroxide oxidizes 
the added compounds (which may be termed "acceptors"). 

The decomposition of hydrogen peroxide to water and oxygen 
may be regarded formally as oxidation of one molecule of hydrogen 
peroxide by another: 

HzOa + B-zOs - SHgO + Oz (2) 

Thus this reaction is formally similar to the reaction between 
hydrogen peroxide and various organic compounds. Since these 
reactions are 'accelerated by, or occur only in company with, the 
reaction between hydrogen peroxide and ferrous iron, the former 
reactions are said to be induced by the latter reaction, following the 
customary phenomenological terminology (28). The induced oxidation 
of organic compounds is treated in detail in a subsequent section and 
will be mentioned in this section only insofar as it relates to the 
mechanism of the reactionbetweenferrous iron and hydrogen peroxide 
in pure aqueous solution. 

The proposals which have been put forth to account for the 
induced oxidation of organic compounds or oi hydrogen peroxide may 
be grouped in four classes: 1. activation of the "acceptor" byfor¬ 
mation of a complex with ferrous iron (52); 2. intermediate steps of 
high energy (29); 3. formation of higher oxides of iron (9,35); 4. for¬ 
mation of other highly active intermediate compounds (20,41). The 
first of these concepts, advanced by Wieland to account for the in¬ 
duced oxidation of tartaric acid and similar compoxmds, was disproved 
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by Goldschmidt and Pauncz (19), who showed by measurements of 
absorption spectrathat no complex Is formed in acid solution between 
ferrous iron and glycollic acid, and that ethanol, which certainly forms 
no complex, can be oxidized by the combination of ferrous iron and 
hydrogen peroxide. The view that reactions liberate energy (as for 
example, radiant energy) which can then activate other processes, was 
at one time widely held, but is, in general, no longer regarded as 
correct. 

Manchot proposed (36) that the ferrous iron-hydrogen peroxide 
reaction proceeds through higher valence states of iron, either tetra- 
valent or pentavalent; this appears to have been the first mechanism 
proposed for this reaction. In a later p^er (35) Manchot reported 
that when ferrous iron is added slowly to very dilute solutions of 
hydrogen peroxide, 1.5 moles of hydrogen peroxide are consumed 
per mole of ferrous iron, while higher values are found in more con¬ 
centrated solutions of peroxide. To account for these results, a mech¬ 
anism was described in which the first step is the formation of pen¬ 
tavalent iron* , . 

2 F®S 04 + JHaQs “ FogOs + 2 H 2 S 04 + HaO (5) 


However, it was shown subsequently by Haber and Weiss (20) that when 
the iron and peroxide solutions are mixed together much more effic¬ 
iently then was done by Manchot and Lehmann, reaction ratios much 
higherthan 1.5 may be found, even in very dilute solutions; the experi¬ 
mental basis for the mechanism of Manchot was thus disproved. 
Furthermore, Baxendale, Evans, and Park (2) have found that the 
reaction between hydrogen peroxide and ferrous iron is first order in 
eachof the reactants, when a rate constant of 62 liters mole”* sec."* 
at 25°; these kinetics would not follow from a reaction according to 
equation 3. The evidence against the mechanism of Manchot appears 
conclusive. 

The formation of tetravalent iron was proposed by Bray and 
Gorin (9) in connection with the ferric iron-catalyzed decomposition 
of hydrogen peroxide (v.i.). The steps which are pertinent to the 
reaction between ferrous iron and hydrogen peroxide are the following; 

Fe”^ + HaOa = FeO^ + HeO (l^) 


FeO"*^ + HaOg = Fe'^ + HzO + Os 

and the reverse of the disproportionation reaction; 

SFe''^''' + HsO = Fe"^ + FeO’’"*' + 2H''' (6) 

Step 4 is the initiation step; steps 4 and 5 form a chain reaction, 
with ferrous iron and ferryl iron (FeO++) as chain carriers; and the 
reverse of step 6 is the termination step. It is interesting that in this 
mechanism, the initiation step is also a propagation step. 

The mechanism proposed by Haber and Weiss (20) for the in¬ 
duced decomposition of HgO, by ferrous iron is the following: 


Fe'*''*' + HsOs = Fe'*"^'*’ + CB” + HO- 

(7) 

HO- + HsOa = HsO + HOs* 

(8) 

t ^ j, 

HOs' + HzQs = Os + HsO + HO- 

(9) 

HO- + Fe'*"'’ = Fe"^ + CH 

(10) 
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Reaction 7 is the initiation step of the chain reaction, in which 
the HO* free radicals are produced; equations 8 and 9, which are the 
original Haber-Willstatter equations (21), represent the pr(q)agation 
reaction; and equation 10 is the termination step. As shown in the 
following section, it is permissible to replace step 9 with another 
step, equation 18, involving reaction between ferric iron and perhy- 
droxyl radical. 

The initial steps of the reaction according to the mechanisms 
of Haber and Weiss and of Bray and Gorin are formally somewhat 
similar. Both mechanisms lead to the same kinetics, and to the same 
ejqpression for the reaction ratio (established experimentally by 
Haber and Weiss (19,20): 


= 0.5 + 

d(Fe‘^'^) kb(5'e'^^) 


( 11 ) 


where and ki, may represent the rate constants for step 5 and the 
reverse of step 6, respectively, or for steps 8 and 10, respectively, 
dependent on the type of the mechanism chosen. Values reported 
(20) for the ratio k^k„ are in the neighborhood of 0.02, depending 


somewhat on the acidity. The ferry 1 ion may be regarded as an 


oxide of tetravalent iron, or alternatively, as a compound of trivalent 
iron with univalent oxygen, just as the hydroxyl radical may be re¬ 
garded as a compound of a hydrogen ion with a imivalent oxygen atom; 
accordingly, both the ferryl ion and the hydroxyl radical should react 
readily with acceptors. It is of interest that formation of a compound 


which may be regarded as an intermediate in the formation of either 
ferryl iron or the hydroxyl radical, was proposed by Mummery (41) 
in 1913; this hypothetical compound was designated as "ferrous per- 
hydrol," “o* isolated. 


The following observations may be cited in support of the free- 


radical mechanism as opposed to that involving tetravalent iron. 
First, the hydrojqrl (HO*) and perhydroxyl (HO,*) free radicals have 
been assumed to exist on the basis of kinetic studies of other sys¬ 
tems (e.g., the hydrogen peroxide-ozone system studied by Taube and 
Bray (45)); on the other hand, the existence of the ferryl ion has pot 
been found necessary to explain the data found with any other system 
(18,22). Second, in a study by the authors of the induced reaction 
between hydrogen peroxide and ethanol, in which ethanol competes 
withferrousironfor the active intermediates, no salt effect was found, 
indicating that the active intermediate is imcharged; these results 
will be presented in more detail elsewhere. 


FERRIC IRON-CATALYZED DECOMPOSITION OF HYDROGEN 

PEROXIDE 


It has been known for some time that hydrogen peroxide is 
catal 3 rtically decomposed in the presence of ferric iron. The simple 

1 O* 

. ( 12 ) 
dt (H"^) 

was first presented by von Bertalan (4), on the basis of experiments 
carried out in solutionsof sufficient acidity (0.001 to 0.1 M in sulfuric 
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acid) to prevent the formation of colloidal hydrous ferric oxide; pos¬ 
siblecomplicationsarising from the partial hydrolysis of ferric iron 
(3?) were not considered, von Bertalan obtained a value of 0.07 for 
kat40‘’, with atemperaturecoefficient of 3.25 per 10°, concentrations 
being expressed in moles/liter, and time in minutes. Confirmation 
of this rate law was reported by Bray (8), who gave a value of 0.125 
for k at 40° (9). Bray noted (8) that the rate law (equation 12) holds 
with concentrations of hydrogen peroxide greater than 0.02 Af, but 
that "at lower concentrations the value of k decreased gradually 
during each run." 

In a recent article by Andersen (lb) it is shown experimentally 
that the rate of the ferric iron-catalyzed decomposition of hydrogen 
peroxide is not represented correctly by equation 12 but by a more 
complicated expression; 



0.4543 

B(H 2 Q 2 ) 



(12a) 


The values of the constants A and B, given below, are such that, as a 
first approximation, expression 12a reduces to equation 12; at a pH 
of 2 or less, egression 12a may be regarded as equivalent to equation 
12 with a small correction term. The experimental conditions used by 
Andersen were similar to those employed by von Bertalan, except for 
the use of nitric acid (by Andersen) rather than the more strongly com- 
plexing sulfuric acid. The range of concentrations of acid and of 
ferric iron used by Andersen were 0.01-0.04 M, and 0.001-0.004 M, 
respectively. It is to be expected that the small correction term, 
which on the basis of the experimental data of Andersen constitutes 
the chief difference between expressions 12 and 12a, could be derived 
on the basis of various mechanisms by introduction of various side 
reactions; however, a detailed examination of the possible reactions 
is beyond the scope of this paper. 

In many of the mechanisms which have been proposed for the 
catalytic decomposition of hydrogen peroxide, the intermediate for¬ 
mation of ferrous iron is assumed; in other mechanisms, which are 
considered first below, this assumption is not made. 

A mechanism not involving the formation of ferrous iron was 
proposed by Bohnson and Robertson (5), who concluded from meas¬ 
urements of absorption spectra that the ferrate ion, FeOj", was 
formed in mixtures of hydrogen peroxide and ferric chloride. The 
pH of these mixtures was not stated; it is, of course, known that 
ferrate compounds are stable only in strongly alkaline medium. Con¬ 
sequently, it is uncertain whether their mechanism, given below, is 
of any significance with respect to the reaction in acid solutions, such 
as must normally be used to prevent the formation of polloidal hydrous 
ferric oxide. 

5H2Q2 + 2Fe*^ + 2 H 2 O = 2 Fe 04 ‘" + lOH"^ (I’’) 


2Fe04‘' + 5H202-+10H'^ = 2Fe‘^‘^ + =i02 + 8H2O (l 4 ) 

PFe 04 ”" + 2H202 + Sh"*" = 2Fe'''’^ + 5 O 2 + 6H20 (l^a) 

Andersenfinds (Ib)that the rate law 12a, established by his ex¬ 
periments, can be derived from the following mechanism, not involving 
the formation of ferrous iron; 

Fe"^"^ + HOa" = FeCH'^ + [o] 


( 15 ) 
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[o] + HQb ■ CH” + Qe 


(16) 


where Step 15 is reversible. The d^endence of the constants A and B 
iqpoD concentrations of reactants and of hgrdrogen-ton is calctilated on 
the basis of this mechanism to be as follows: B is proportional to the 
term; 



and A is proportional to the term: 

\ (H^) 


(®'®*^)total 


where Ka is the acid constant of l^drogen peroxide, and Kh is the 
first iQrdrolysis constant of ferric iron (equation 21, below). The 
experimental data of Andersen are in go<^ agreement with the cal¬ 
culated constants, using the value of 2.5 x 10~* for Kj^, established 
by Lamb and Jacques (32). 

With regard to the mechanism proposed by Andersen, it should 
be pointed out, first, that step IS has a positive standard free energy 
of 18,000 cal., based on the above value of Kh, and data given by 
Latimer ("Oxidation Potentials," 1938) for the decomposition of 
oxygen and the perhydroxide ion; and, second, that because the active 
form of hydrogen peroxide in both equations 15 and 16 is the perhy¬ 
droxide ion, which is present in very low concentrations (since 
Kg s 2.4 X 10-“), an unusually high rate constant (10“ liters mole-^ 
min.-*) is found for the forward step 15. Unless the entropy term in 
the expression for the free energy of step 15 is extremely large, the 
combinationofapositive free energy with a high rate constant aiqpears 
improbable. 

Mechanisms in which ferrous iron is assumed as an intermediate 
are of more direct bearing upon the ferrous iron-hydrogen peroxide 
reaction, which is the principal subject of the present paper. It has 
not proved possible to demonstrate e]q>erimentally that ferrous iron 
is formed in the course of the ferric iron-catalyzed decomposition of 
hydrogen peroxide. Manchot and Wilhelms (36) tested for ferrous 
iron with ferricyanide in a mixture of hydrogen peroxide and ferric, 
iron; however, as pointed out by Mummery (41), ferricyanide is re¬ 
duced by hydrogen peroxide to form ferrocyanide, which would 
precipitate with ferric iron. Attempts to detect ferrous iron with 
o-phenanthroline or o, a'-dipyridyl have shown (29) that the concen¬ 
tration of ferrous iron in the solution before addition of the complex- 
ing agent is below the limit of sensitivity of the test, since the color 
of the complex is not formed immediately upon addition of the com- 
plexing agent, but develops slowly. As discussed below, the reactions 
which occur in mixtures of ferric iron, hydrogen peroxide, and 
o-phenanthroline or a, a'-dipyrldyl, are poorly understood and are 
subject to contrary interpretations (20,35). 

The mechanisms of greatest important are those of Bray and 
Gorin (9) and of Haber and Weiss (20). Bray and Gorin assume that 
ferric and ferrous iron are in rapid and reversible equilibrium 
according to equation 6. The ferrous iron thus formed in low con¬ 
centration from ferric iron reacts according to equation 4, which 
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Is the rate-determining step; oxygen is formed by step 5. The rate 
law (equation 12) is readily derived on this basis. 

Haber and Weiss, in order to arrive at the rate law (equation 
12), take as the primary and rate-determining step the reaction: 

Te*** + HCte” = Fe'^ + HQ2 (17) 

where the concentration of HO,' would be equal to Ka(H,0,)/(H'^). 
The perhydroxyl radical can be consumed in three ways: ^ the 
reverse of step 17 (denoted as 17r), by step 9, or by reaction with 
ferric iron: v 

+ HOa* = Fe"^ + Og + (18) 

Normally the reaction is stated to proceed through steps 17 and 18, 
from which the rate law (equation 12) can be derived, if it is assumed 
that the ferrous iron formed in these two steps is consumed by steps 
7 and 10, and that step 7 does not initiate the chain reaction 8 and 9. 
Indeed, if it is assumed that step 8 does not occur, then step 18, which 
wasintroducedby Haber and Weiss, need not be considered; note that 
step 18followed]^ step 7 is equivalent to step 9. Accordingly, we find 
thatconsiderationofthethreestepsl7,9,andl0 (neglecting 17r) leads 
directly to the rate law (equation 12). 

In like manner, the reaction between ferrous iron and hydrogen 
peroxide can be treated equally well on the basis of steps 7, 8, 18, 
and 10, or of the original Haber-Weiss steps, 7, 8, 9, and 10; both 
schemes lead to expression 11 for the reaction ratio. There is, then, 
no kinetic basis for choice between steps 9 and 18; but it is an unneces¬ 
sary complication to adopt one of these steps in considering the re¬ 
action with ferrous iron, and the other, with ferric iron; it spears 
simpler to use the same step throxighout. 

It is of special significance to realize that the conditions of the 
ferric iron-catalyzed decomposition are precisely those under which, 
according to the results found for the reaction between ferrous iron 
and hydrogen peroxide, chain decomposition through steps 8 and 9 
should take place; namely, concentration of hydrogen peroxide much 
greater than that of ferrous iron. 

Under these conditions, hydroi^l radicals, formed according to 
step 7 or step 9, should react with hydrogen peroxide (step 8) rather 
than with ferrous iron (step 10). We have examined the kinetics to 
be expected on the basis of various groups of steps. Consideration 
of the six equations 7, 8, 10, 17, 17r, and either 9 or 18,leads to 
very complicated eiqpressions. Simplification of these e]q)ressions, 
by neglecting various steps in comparison with other competing 
steps, in no case leads to expressions of the form of equations 12 or 
12a; in most of these limiting cases, the predicted rate of disappearance 
of hydrogen peroxide is proportional to the concentration of hydrogen 
peroxide raised to some power greater than one. An expression in 
the first power of this concentration results from consideration of 
equations 7,8, 10,17, 17r, and 18, with the assumption that the rates 
of steps 10 and 17r are small; this expression is: 


d(H20a) 

— •“ 2k7(H2Q2)(Fe 

dt 


^KkxekiTV® (H2Qs)(Fe^) (19) 

.k7ki7r(H*)j ^ 
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Expression 19 differs from 12 only In the concentration of 
hydrogen ion. H step 17 is replaced by; 

+ HCte" = Fe'*”'’ + Wz' + C®' (20) 


Where the concentration of FeOH++ is determined by the rapidly 
established hydrolysis equilibrium (32): 

(FeCH'^) = K. ^ (21) 

^ (H ) 

we find that consideration of equations 7, 8, 10, 20, 17r, and 18, with 
the assumption that the rates of steps 10 and 17r are small (specifi¬ 
cally, small in comparison to the rates of steps 8 and 18, respectively), 
leads to the followine exoression; 

d(HaQs) / k7ki8k2o (HgOg) (Fe'^'")total 

dt ' ki7r / Kj^ + H 


= k22 


(HaQe)(Fe-^)total 


( 22 ) 


Note that in order to derive esqpression 22 it must be assumed that 
ferrous iron and perhydroxyl radical react according to equation 17r 
rather than the reverse of step 20; this assumption is justified, since 
the reverse of step 20 would be a third-order reaction including the 
hydroxide ion (present in very low concentration in acid solution) as 
a reactant. 

The assumptions which are made in deriving equation 22 are 
equivalent to assuming that decomposition of hydrogen peroxide pro¬ 
ceeds chiefly through the cycle of steps 7, 8, and 18, the role of step 
20being simply to replenish the ferrous iron and perhydroxyl radical 
consumedby the side reactions 17r and 10. Thus the reaction between 
ferrous iron and hydrogen peroxide, rather than being suppressed as 
was done in the original Haber-Weiss treatment of the ferric iron- 
catalyzed decomposition of hydrogen peroxide, is found to be of primary 
importance in bringing about this catalytic decomposition. 

The dependence iq>on hydrogen-ion concentration of the rate of 
decompositionof hydrogen peroxide, given by equation 22, is identical 
with that given by the expression of Andersen, above, with the omission 
of the small correction term (the last term of equation 12 a). At a pH 
of 2 or less, equation 22 reduces to the rate law of von Bertalan. Thus 
it is seen that a free radical mechanism can be devised which will 
account for the e^qierimental observations in a more satisfactory 
manner than that given originally by Haber and Weiss (20). 

In the original mechanism of Haber and Weiss for ferric iron 
catalysis, ferrous iron is believed to act as a chain-breaker, through 
step 17r; while in the free-radical mechanism given above, as well 
as in the mechanism of Bray and Gorin, ferrous iron is a chain- 
carrier. Thus a reduction in the steady-state concentration of ferrous 
iron would be eiqpected to bring about an increased rate of catalytic 
decompo.sition,onthebasisof the former mechanism, and a decreased 
rate, on the basis of the latter two mechanisms. Kuhn and Wassermaim 
(29) studied the decomposition of hydrogen peroxide in the presence 
of ferric or ferrous iron, together with the strong complexing agents, 
a , a'-dipyridyl, ando-phenanthroline. The found that both the extent 
and the rate of the decomposition were exceptionally large when the 
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iron and d4>yxicb^l (or phenanthroline) were mixed in the presence of 
relatively concentrated hydrogen peroxide in acetate buffers of 
pH 4.1-5.S. This effect they termed "Katalasestoss." 

It is clear that if, under the conditions used, ferrous iron reacts 
much more rapidly with hydrogen peroxide than it does to form the 
orange or red complex, then the stea^-state concentration of ferrous 
iron will not be ajEq[)reciably diminished by formation of this complex. 
Kuhn and Wassermann reported that ferrous iron, when added to a 
mixture of hydrogen peroxide and dipyridyl or phenanthroline, in ace¬ 
tate buffer, was inunediately oxidized to ferric iron, which was then 
slowly reduced (by hydrogen peroxide) to yield the orange or red ferrous 
complex. We have carried out some e]q;)eriments to check this point, 
and have found that under typical conditions used by Kuhn and Wasser- 
maim, the addition of ferrous iron (0.0005 Af) to a rapidly stirred mix¬ 
ture of hydrogen peroxide (0.645 N) and o-phenanthroline (0.0025 M). 
in an acetate buffer of pH 4.1, led to the immediate formation of an 
orange color, but that this color corresponded to the complexing of 
only one-sixth of the amount of ferrous iron added. Dipyridyl, which 
has been shown (3, 19) to form the ternary complex with ferrous iron 
with roughly one ten-thousandth the velocity of phenanthroline, might 
be expected to give no red color at all under these conditions. Actually 
we have found that some red color was developed immediately when 
dipyridyl was used in place of phenanthroline in the above experiment, 
but that this color corresponded to complexing of only one-fifteenth of 
the amount of ferrous iron added, any case it appears that the 
steady-state concentration of ferrous iron would not be ^preciably 
diminished by formation of the stable orange or red complex, under 
the conditions of the "Katalasestoss." 

On the other hand, it is known (3,19) that both the mono- and 
di-phenanthroline (or dipyridyl) complexes of ferrous iron are formed 
much more r^idly than are the ternary complexes. Thus it is likely 
that the steady-state concentration of ferrous iron in the ferric iron- 
hydrogenperoxide system, will be lowered by the addition of dipyridyl 
or phenanthroline, as a result of formation of these partially completed 
complexes. But these complexes, in which the ferrous iron is not 
completely shielded, may react with hydrogen peroxide; indeed, Kuhn 
and Wassermann suggested that these complexes behaved similarly to 
the enzyme catalase. Thus the e]Q>eriments of Kuhn and Wassermann 
do not furnish any conclusive evidence regarding the mechanism of 
the peroxide-iron reaction. Further e]q)eriments of this nature are 
being carried out by Baxendale and George, as mentioned in reference 

(3) , and should aid in our understanding of the mechanism. 

There remains to be considered the mechanism of von Bertalan 

(4) , which was proposed again in a recent preliminary publication by 
Abel (la), von Bertalan showed that the rate law, 12, wouldfollow if 
the rate-determining step were first order in ferric iron and perhy- 
droxide ion, HOj"; however, no postulate was made concerning the 
products formed in such a step. The over-all reaction was believed 
by von Bertalan to consist of the following two steps; 

2Fe'*^'’‘ + flzOg = + 21"^ + Og (25) 

2re''^ + 2E* + EzOz = 2Fe'*“*^ + 2 H 2 O 


(1) 
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The standard E.M.F. values of the two cells represented by equations 
23 and 1 l^e 0.09 volt and 1.00 volt, re^ectively, so that both over¬ 
all reactions can proceed as written. 

The over-all reactions 23 and 1 were suggested by Abel (la), 
who pointed out the analogy between these steps and those by 
means of which he has accounted for the catalytic action ctf halides 
in the decomposition of hydrogen peroxide. However, it is obvious 
that the same objection which was made earlier to the original 
mechanism of Haber and Weiss applies equally to the mechanism of 
von Bertalan, or of Abel: that the reaction between ferrous iron and 
hydrogen peroxide does not proceed stoichiometrically (equation 1) 
when hydrogen peroxide is present in much higher concentration 
than ferrous iron. The induced decomposition of hydrogen peroxide, 
brought about by the reaction between hydrogen peroxide andferrous 
iron, must be taken into account in any mechanism for ferric iron 
catalysis in which the formation of ferrous iron is assumed. 

THE FENTON REACTION 

The oxidation of an organic compound by hydrogen peroxide 
in the presence of an iron salt is termed here a Fenton reaction. 
A number of compounds which ordinarily are attacked very slowly, 
if at all, by l^drogen peroxide, ar^ readily oxidized by the Fenton 
reagent (the combination of hydrogen peroxide and ferrous iron). 
This reaction was first described in 1894 by H. T. H. Fenton (13), 
who reported that iqpon treatment with any of several oxidizing 
agents, in the presence of a trace of ferrous iron, tartaric acid is 
oxidized to dihydroxymaleic acid. Suitable oxidizing agents include 
chlorine water, hypochlorous acid, potassium permanganate, or 
preferably hydrogen peroxide. A violet color is formed in the Fenton 
oxidation of tartaric acid, as was first noticed in 1876 by Fenton (12). 
The oxidation of compounds other than tartaric acid by hydrogen 
peroxide inthepresenceofferrous iron was also attempted by Fenton. 
The reaction was found to proceed satisfactorily with glycoUic 
aldehyde (14), various sugars (14), and a number of polyhydric 
alcohols, including glycerol (15). 

There has been some controversy among the early workers as 
to whether the oxidation of various acceptors by hydrogen peroxide, 
which is found in the presence of ferrous iron, can also take place if 
ferric iron is used in place of ferrous iron. It has been established 
by Goldschmidt and co-workers (16,17) that the presence of ferrous 
iron is required for these oxidations, and that ferric iron is active 
only if it is reduced by the acceptors or their oxidation products. 
Accordingly the Fenton reaction may be described as the oxidation 
of anorganic compound by hydrogen peroxide, induced by the reaction 
between ferrous iron and hydrogen peroxide. 

Wieland and Franke (52) carried out an extensive study of the 
Fenton reaction with various substrata, includii^ formic aicd,and 
glycollic acid and a number of other hydroxy acids. As mentioned 
in aprevious section, their proposed mechanism, involving formation 
of a complex between ferrous iron and the substratum, was disproved 
by Goldschmidt and Pauncz (17). The induced oxidation of formic acid 
was studied earlier by Mummery (41). Kultyugin and Sokolova (30) 
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have studied the oxidation of a number of alcohols and other compounds; 
however, only the formation .of carbon dioxide was measured in this 
work. Carbon dioxide was formed from the oxidation of glycerol but 
not from monol^drlc alcohols. 

Before considering the oxidation of more complicated compounds 
such as glycerol and various sugars, the mechanism of the oxidation 
of ethanol will be discussed. As shown in the previous sections, the 
initial step of the reaction between hydrogen peroxide and ferrous iron 
may lead to the formation of either ferryl iron or the hydroxyl radical. 
Either of these compounds would be eiqpected to dehydrogenate 
ethanol. If this dehydrogenation does not occur at the weakest bond, 
the radical formed may rearrange so as to give the more stable 
radical; in either case, the hydroxyethyl radical would be formed; 

PeO'^ + CHgCHzCe = Pe"^"^ + CH3CHCB + CH" ( 24 ) 

ETO* + CH3CH2CH ~ H2O + CH3CHCS (25) 

The hydroxyethyl radical can react with hydrogen peroxide, either 
directly (equation 28) or through reaction with ferric iron (equation 
26). The latter reaction is in accord with either the free radical 
or the ferryl iron mechanism. Reaction with ferrous iron is also 
possible. The significant reactions are; 

Pe"^*^ + CHaCHCE = Fe"^ + + CHsCHO ( 26 ) 

SLlld * -I* I » I 

CH3CHaH + P© + H = CH3CH2Ce + Fe ( 2 ?) 

In order for the Fenton reaction to occur, it is necessary that reaction 
26 take place in preference to 27; i.e., that imder the experimental 
conditions, the radical reduce ferric iron or hydrogen peroxide rather 
than oxidize ferrous iron. Steps 24,26, and 4 form a chain reaction in 
which hydrogen peroxide oxidizes ethanol to acetaldehyde, with the fer¬ 
ryl ion as the active oxidizing agent and chain-carrier. Alternatively, 
steps 25, 26, and 7 form a chain reaction with hydro^l radical as 
the active intermediate. It is possible that in place of steps 26 and 
7 the direct reaction; 

CHaCHCH + HsQa = CH:3CH(CEy2 + HO- = CH3CHO + HgO + CH- ( 28 ) 

may take place. In any case, it is clear that the oxidation of one 
ferrous ion by one molecule of hydrogen peroxide can lead, by a chain 
mechanism, to the oxidation of a large number of molecules of ethanol. 

Reaction of the organic radical with dissolved oxygen in the 
solutionis possible, but should not be of importance in the relatively 
concentrated solutions in which the Fenton reaction is ordinarily 
carried out. Reaction of the organic radical with another radical 
(such as the hydros^l radical) should be of minor importance due to 
the low concentrations of radicals. Cases in which reaction of the 
organic radical with ferrous iron, or with o:qrgen, may be of impor¬ 
tance, are discussed in the following section. 

In reaction 26 the product is acetaldehyde, further oxidation of 
which by analogous reactions would lead to acetic acid. Goldschmidt 
andPauncz(17),workingwith 1 molar solutions of ethanol and hydro¬ 
gen peroxide, and 0.1 M ferrous sulfate, at 0°, showed that both these 
products are formed, together with ferric iron and oxygen, the latter 
resulting from induced decomposition of the hydrogen peroxide 
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occurring simultaneously with induced oxidation of the ethanol and 
acetaldehyde. In a typical ej^eriment, in 0.2 N sulfuric acid, 41% of 
the hydrogen peroxide consumed went to form acetaldehyde; 41%, of 
acetic acid; 8% to form ferric iron; and 10% to oxfgen. The extent 
of the Fenton reaction was much less in hydrochloric acid than in 
sulfuric acid; this is discussed in the following section. Experiments by 
the authors have shown that in solutions as dilute as 10~’ M in re¬ 
actants, in the absence of oxygen, acetaldehyde is a product of the 
Fenton oxidation of ethanol. 

The oxidation of glycerol by the Fenton reaction is of some 
practical importance, since, as shown by Fenton and Jackson (15), 
Witzeman (53), and den Otter (42), the primary oxidation product is 
glyceraldehyde, which is of physiological interest, and is diffic\ilt to 
synthesize in other ways; however, the purification of glyceraldehyde 
prepared in this way is difficult. The oxidation of glycerol to 
glyceraldehyde is, of course, exactly analogous to the oxidation of 
ethanol to acetaldehyde; but the subsequent reaction differs in that the 
oxidation products of glycerol reduce ferric iron, so that a relatively 
small amount of iron is sufficient to bring about considerable 
reaction. We have found that it is even possible to carry out this 
reaction with ferric rather than ferrous iron; although it is not 
certain whether the initial reaction is due to ferric iron, or to traces 
of ferrous iron or other impurities, the subsequent reaction must 
Involve the reduction of ferric iron by the osddation products of 
glycerol, since ferric iron cannot be used in the Fenton oxidation of 
ethanol. The products which have been found (42) in the Fenton 
oxidation of glycerol include glyceraldehyde, hydrm^pyruvic aldehyde, 
methyl glyoxal, formaldehyde, formic acid, carbon dioxide, and 
oxalic acid. 

The Fenton reaction is also of importance in sugar chemistry, 
Morrell and Crofts have shown (40) that various sugars are oxidized 
to the corresponding osones; that is, a hydroxyl group adjacent to the 
carbonyl group is oxidized to form another carbonyl group. Glucose, 
fructose, and sucrose all yield glucosone. Ruff (43) has found that 
various sugar acids are degraded by the Fenton reaction; thus, 
arabinose is formed from gluconic acid. 

While only a few applications of the Fenton reaction have been 
given above, this reaction is of considerable importance and aipears 
to warrant further study, in view of the more recent theoretical 
developments. Since the Fenton reaction frequently gives good yields 
of fairly strong reducing agents, such as glyceraldehyde or glucosone, 
it is sometimes stated (24) that the Fenton reagent is a mild oxidizing 
agent. Actually a very strong oxidizing or dehydrogenating agent 
(hydroxyl radical or ferryl ion) is formed in the Fenton reaction; 
the rate of formation of this strong oxidizing agent can be controlled, 
however, by adjusting the rate of addition of hydrogen peroxide to the 
mixture of the substratum with the iron salt, or by controlling the 
rate of reduction of the ferric iron (for example, by varying the 
temperature of the concentration of iron). The active oxidizing 
agent is present in very low concentration, and its dehydrogenating 
action is so strong that it may react with equal ease with both strong 
and weak reducing agents, depending on the rate of collision with the 
various substances present. Thus, in a mixture of glycerol and 
glyceraldehyde, the Fenton reagent will oxidize both compounds, 
while a weaker oxidizing agent would attack only the glyceraldehyde. 
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Ferrous iron has been used extensively in the determination of 
organic peroxides of all types, particularly hydroperoxides. While 
the reaction between ferrous iron and hydrogen peroxide is not of 
major analytical significance, because of the number of other reagents 
available for the determination of hydrogen peroxide, study of the 
system with hydrogen peroxide affords valuable insight into the 
mechanism of the reaction with hydroperoxides, and will accordingly 
be taken up first. 

As has been shown in the preceding sections, the reaction 
between ferrous iron and hydrogen peroxide can induce the decompo¬ 
sition of hydrogen peroxide, as well as the reaction between hydrogen 
peroxide and various organic compounds, if present. We have found 
that both effects may be of significance under typical analytical 
conditions. Thus, if it is attempted to determine 0.1 iy hydrogen per¬ 
oxide, in the absence of organic compounds, by the addition of an 
excess of ferrous iron, followed by titration of the unreacted ferrous 
iron, some error will result owing to the induced decomposition of 
the hydrogen peroxide which takes place during the early stages of 
the addition of ferrous iron, when the peroxide is present in large 
excess over the ferrous iron. If the ferrous iron is added from an 
ordinary pipet to a vigorously stirred solution of peroxide, we have 
foimd that approximately 1% of the hydrogen peroxide is decomposed 
in this way; the reverse mode of addition, as expected, does not lead 
to any error. If the ferrous iron is added very slowly, greater 
errors are found, as shown by other workers. 

The determination of hydrogen peroxide by reaction with ferrous 
iron in the presence of many organic compounds, such as ethanol, is 
simply a Fenton reaction. We have found that in the absence of 
oxygen, the amount of hydrogen peroxide which reacts with ethanol 
may amount to more than 10 times that which reacts with ferrous 
iron. Not all organic compounds exhibit this behavior, however; for 
example, acetic acid and acetone lead to practically no induced 
reduction of hydrogen peroxide. Furthermore these latter compounds 
actually suppress the induced reaction between hydrogen peroxide 
and compounds such as ethanol; accordingly we may designate acetic 
acid and acetone as ’’suppressors", and ethanol, methanol, and 
acetaldehyde as "promoters." In atypical experiment, solutions in 
1.5 N sulfuric acid of ferrous iron (2 x 10”®M), hydrogen peroxide 
(5 X and ethanol (10-*M) were mixed together r^idly in the 

absence of oxygen; the molar reaction ratio of ferrous iron to hydrogen 
peroxide was 0.71 (compared with the stoichiometric value of 2.0). 
When the same eiqperimait was repeated in the presence of 1 M acetic 
acid, in addition to the ethanol, the reaction ratio was 1.79; while with 
10 Af acetic acid in addition to the ethanol, the ratio was 1.95. It may 
be mentioned that chloride ion also behaves as a powerful suppressor; 
compare the decrease in extent of the Fenton reaction with ethanol 
foundinthepresenceof hydrochloric acid, by Goldschmidt and Paimcz 
(previous section). 

It appears that in a mixture containing both a suppressing ^d 
a promoting compound, these compounds compete for reaction with 
hydrojQTl radicals (or ferryl ions). K a promoting compound reacts 
with the active oxidizing agent, a radical is formed which then reacts 
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with hydrogen peroxide, according to step 26, resulting in induced 
reduction of the peroxide. S a suppressing compound reacts to form 
afree radical, thenthis radical must react with ferrous iron according 
to steps analogous to 27; thus the over>all reaction (smn of steps 7, 
25, and 27) is the stoichiometric reaction between ferrous iron and 
hydrogen peroxide, according to equation 1, but proceeding through 
the intermediate formation of radicals derived from the suppressing 
compound. Independent evidence for the reaction of hydroxyl radicals 
with acetic acid and with chloride ion is furnished by the work of 
Taube and Bray (46). 

The over-all course of the reaction in the presence of both 
siqppressing and promoting compounds depends upon the relative 
extent to which these compounds react with hydroxyl radicals (or 
ferrylions). It is of considerable analytical importance that the large 
deviations from the stoichiometric reaction which are found in the 
presence of small amounts of promoters may be, practically speaking, 
completely siq)pressed by the addition of a high concentration of a 
suppressor. 

In the presence of oxygen, all the organic compounds which we 
have studied show qualitatively similar behavior, vrithout distinction 
between ’’promoting” and ’’suppressing” compounds. The reaction 
between hydrogen peroxide and ferrous iron in the presence of oxygen 
and organic compounds leads to induced oxygen oxidation of ferrous 
iron. The extent of this oxidation may be quite high, particularly in 
very dilute solutions of peroxide and iron, in which the concentration 
of oxygen can be kept relatively high; depending on the e3q>erimental 
conditions, the amount of ferrous iron oxidized by the induced 
reaction may be two to three times as great as the amount oxidized 
by the stoichiometric reaction. On the other hand, in more con¬ 
centrated solutions of ferrous iron and peroxide, in which the con¬ 
centration of oxygen in air-saturated solutions is relatively low, 
induced reduction of the peroxide may equal or predominate over 
the induced oxygen oxidation of ferrous iron. It appears that the 
organic radical formed by dehydrogenation of an organic compound 
can add molecular oxygen, forming a peroxide radical, which can 
react with three ferrous ions, or can lead to autoxidation of the 
organic compound by a chain reaction. In contrast to the organic 
suppressors, chloride ion acts as a suppressor in the presence as 
well as in the absence of oxygen. 

Turning to organic peroxides, some indication that the mecha¬ 
nism of the reaction between these compounds and ferrous iron is 
similar to that of the reaction between hydrogen peroxide and ferrous 
iron is afforded by the work of Wieland and Bossert (50), who showed 
that diethyl peroxide can be used in place of hydrogen peroxide in 
the Fenton oxidation of various compounds; that is, the reaction 
between these compounds and diethyl peroxide is induced by the 
reaction between diethyl peroxide and ferrous iron. Wieland and 
Chrometzka (51) showed that the reaction between ferrous iron and 
diethyl peroxide induces the decomposition, or disproportionation, of 
diethyl peroxide, to form ethanol and acetaldehyde. 

We have studied in some detail the reaction between ferrous 
Iron and cumene hydroperoxide (phenyldimethyl methyl hydroper¬ 
oxide), which is a typical organic hydroperoxide and is farlly soluble 
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(0.09 M) in water. The behavior of cumene hydroperoxide in its 
reaction with ferrous iron is qualitatively similar to the behavior of 
a mixture of hydrogen peroxide and an organic compound of the 
"promoting” type. Thus, the reaction between cumene hydroperoxide 
and ferrous iron in pure aqueous solution leads to considerable induced 
decomposition of the peroxide, in the absence of oxygen, and to 
considerable induced oxidation of ferrous iron, in the presence of 
OJ^gen. Addition of ethanol to the system increases the extent of 
both induced reactions; while addition of acetic acid suppresses the 
Induced decomposition of peroxide in the absence of oxygen, but does 
not suppress the induced oxidation in the presence of 02 ^gen. It is 
likely that the reaction between ferrous iron and an organic hydro¬ 
peroxide, ROOH, proceeds in a manner similar to that of the reaction 
with hydrogen peroxide; for convenience, we may assume the formation 
ofalkoxy radicals, RO'. The rates of reaction of these alkoxy radicals 
with the peroxide and with ferrous iron (steps corresponding to 8 and 
10) may differ from the rates of steps 8 and 10, so that induced de¬ 
composition of the peroxide may take place even when ferrous iron is 
in excess over the peroxide, in the absence as well as the presence of 
added promoters. 

The analysis of small quantities of hydroperoxides is of con¬ 
siderable importance, since hydroperoxides are generally formed 
initially in the autoxidation of many unsaturated organic compounds, 
including natural products such as fats (33), petroleum products(45) 
and rubber (7). While conflicting statements are found in the literature 
regardingthe absolute accuracy of the ferrous methods under various 
conditions, in generdl it appears that many of the ferrous methods 
lead to high results (more peroxide found than actually present) when 
carried out in the presence of air, while low results are frequently 
found in the absence of air (31). The deviations in both directions 
may be of the order of several fold. Results which are fairly close 
to the true values have also been reported in many cases. These 
observations can be interpreted readily in the light of the considera¬ 
tions advanced above. Study of the fundamental principles underlying 
the reaction between ferrous iron and peroxides has also led us to 
the development of satisfactory procedures for the determination of 
hydroperoxides with ferrous iron. This work will be described in 
more detail in a subsequent publication. Evidence has been obtained 
in this laboratory that free radicals are formed in the interaction of 
persulfate and ferrous iron; this reaction is now being studied in 
greater detail. 

INITIATION OF VINYL POLYMERIZATION 

Within the last five years there has been a rapid development of 
the use of redox systems - that is, systems containing both an oxidizing 
and a reducing agent - for the initiation of vinyl polymerization. Poly¬ 
merizations which are initiated by the reaction between an osddizing and 
a reducing agent may be called redox poly merizations. The importance 
of polymerization recipes of this type was discovered by accident, 
at about the same time, in both England and Germany, in the following 
way. Polymerization of vinyl monomers is commonly initiated by 
oxidizing agents; in these polymerizations, oxygen is known to act 
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as an inhibitor (27); accordingly various reducing agents were added 
to polymerization systems in order to remove gaseous oj^gen; and 
It was discovered that not only were the induction periods eliminated, 
but in many cases the subsequent rates of polymerization were 
increased. Systematic study of the mechanisms of various redox 
recipes has been carried out by b(^ English and German workers. 
The development of emulsion polymerization recipes of practical 
importance in Germaiqr was of considerable interest to chemists in 
this country (28,49), and improved recipes for the production of 
synthetic rubber of the GR>S type have been developed subsequently 
in this country (47). Practical interest is attached to these recipes 
at present because they permit the production of synthetic rubber at 
low temperatures, thus obtaining a polymer of more desirable 
properties. 

Initiation of polymerization by redox systems was first noticed 
in England by Bacon (Ic), who termed this phenomenon "reduction 
activation." A systematic study was made of the rates of polymeri¬ 
zation of various monomers, in aqueous solution, in the presence of 
various oxidizing and reducing agents. The oxidizing agents studied 
by Bacon included alkali persulfates, sodium hypochlorite, and ceric 
sulfate. A detailed study of the kinetics and mechanism of redox 
polymerization systems with persulfate as the oxidizing agent was 
carried out by Morgan (39). Both authors reported that initiation in 
the systems which they studied was much more effective with acrylo¬ 
nitrile and its derivatives than with butadiene and its derivatives, 
with styrene occiqty^ng ^ intermediate position. Further stu(ty of 
persulfate systems has been carried out by Bunn, Evans, and Baxendale 
( 10 ). 

Initiation of polymerization by means of the hydrogen peroxide- 
ferrous iron reaction was studied in detail by Baxendale, Evans, and 
Park (2), working in aqueous solution, and by Evans (11), working in 
aqueous solution in the presence of a detergent (trimethylcetylam- 
monium bromide). These authors accepted the mechanism of Haber 
and Weiss, and in addition put forth the following steps; 

HO- + CH2=CHX = HOCHbCHX (29) 

HOCHgCHX + nCHz'CHX = (polyiner) (30) 

Inthe presence of monomers (in the absence of o^gen) reactions 
10 and 29 compete for HO- radicals. In the work of Evans et al. the 
polymers formed (from polymerization of acrylonitrile, methyl acryl¬ 
ate, methacry lie acid, ethylene, etc.) were not water-soluble, so that 
termination of the growing polymer chains would be effected by 
reaction with other growing polymer chains which coagulate in the 
form of small polymer particles, rather than by reaction withthe 
water-soluble Fe*"*’or HjOj. Kinetic evidence has been given (11, 
44) for termination by interaction of active polymer chains. The 
behavior of the growing polymer radicals, which can react only with 
one another, differs from that of the radicals formed by dehydrogen¬ 
ation of saturated compounds (the "promoters" and "siqppressors" 
of the previous section), which can react with either hydrogen per¬ 
oxide or with ferrous iron; in effect, hydroxyl radicals which react 
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according to step 29 may be regarded as "consumed." Evidently 
asthe relative concentration of monomer is increased, more hydroi^l 
radicals should be consumed, so that the molar reaction ratio would 
approach 1:1. 

Experiments were carried out (2) using a number of different 
monomers and a wide range of concentrations. In typical e]q;>eriments, 
the initial concentration of ferrous iron was 0.1 M, and the hydrogen 
peroxide was about one-third as concentrated. The reaction took 
place in acid solution; the ferrous iron left was titrated with dichromate 
after 15 minutes. The acidity, method of mixing, and similar experi¬ 
mental details are not given in these papers (2,11). The results 
obtained are in accord with the above picture; the igiper limit of the 
molar reaction ratio of hydrogen peroxide to ferrous iron with 
increasing concentrations of monomer was found to be unity. 

In the presence of both oxygen and monomers, induced oxidation 
of the ferrous iron was found (2); the following mechanism was pro¬ 
posed. 

H0(CH2CHX)j^- +02 = H0(CH2CHX)j^-0-0* (31) 

X 0 

H0(CHiCHX)j^_^CH2CH00* + Fe"^ - H0(CH2CHX)^_^C-X + aH‘+ Fe"*"^ ( 32 ) 

Steps 31 and 32 account for the observed inhibition by oxygen 
of polymerization. However, the sequence of reactions 7, 29, 30, 31, 
and 32 actually gives the stoichiometric reaction ratio of iron to 
peroxide (2.0). Induced oxidation of the ferrous iron must be due to 
a reaction as the following (in place of step 32): 

H0(CH2CHX)j^ 00- + Fe"*"^ + H'*' « H0(CH2CHX)^0CH + Fe'^^ (35) 

followed by reaction of the hydroperoxide with more ferrous iron; 
compare the preceding section. 

The initiation of polymerization by the reaction between ferrous 
iron and hydrogen peroxide is a strong argxunent in favor of the free 
radical mechanism for this reaction. Mechanisms can nevertheless 
be set down for initiation by tetravalent iron; 

Fed*"^ + CHa-CHX = Fe0CE2=CHX‘*^ (3*^) 

F®0CH2=CHX''^ + l20 = FeOH'^'^ + H0CH2=CHX (35) 

• • 

or: 

FeO"^ + = FeCH'*’'^'^ (36) 

FeCB'”’'^ + CH2=CHX = Fe"^ + H0CH2=CHX (57) 

It has not as yet been determined whether polymers prepared accord- 
ingto aperoxide-ferrous iron redox recipe contain chemically bound 
iron. 

The extensive fundamental Investigations of German workers 
on redox recipes have been thoroughly reviewed by Kern (25), and 
will only be mentioned briefly here. Of special Interest are the 
redox polymerizations carried out in bulk and in emulsion systems. 
Typical reduc ing agents which were found to be active in the bulk 
polymerization of acrylonitrile and its derivatives, with benzoyl 
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peroxide as the oxidizing agent, are phenylsulfinic acid, formic acid, 
phenylhydrazine, thio-j9>n^hthol, and benzoin. 

Two alternative mechanisms are suggested by Kern to account 
for initiation by systems such as these. In the first scheme, two 
radicals are formed by direct reaction between the organic peroxide 
(which may be represented as POOP) and the organic reducing agent 
fYH )• 

* POOP THa = PO- + PCH + ra* (38) 

Polymerizationwouldbe initiated by reaction of the monomer with the 
radical PO*, and possibly by reaction with YH*. In the second scheme, 
it is assumed that traces of heavy metals are present, which are 
oxidized by the peroxide, and reduced by the reducing agent, free 
radicals being formed in the former reaction (as well as possibly in 
the latter). This hypothesis, which is of particular importance in 
emulsion polymerization recipes, is discussed further below. 

In studying emulsion polymerization recipes, the German 
workers found that addition of various organic reducing agents to al¬ 
kaline recipes containing oxidizing agents such as benzoyl peroxide, 
hydrogen peroxide, or ammonium persulfate, frequently gave a marked 
increase in ratio of conversion, and that a further increase was in 
many cases brought about by the further addition of metallic salts. 
In most cases these increases in rate of conversion only took place 
if some complexing agent, such as sodium pyrophosphate, was present 
in the recipe. As Kern (25) mentions, this points to the mechanism, 
given above, of catalysis by heavy metal salts as being operative even 
when such salts are present only as trace impurities. 

An emulsion polymerization recipe has recently been reported 
by Vandenberg and Hulse (47), which is similar to those under study 
in Germany at the end of the war. In this recipe, butadiene and 
styrene are the monomers, the emulsifier is a disproportionated 
rosin soap, some mercaptan is added to control the molecular weight 
of the polymer, and the redox system consists of cumene hydroper¬ 
oxide, fructose, and ferric iron, together with sodium pyrophosphate 
to keep the iron in solution. The use of cumene hydroperoxide and 
of rosin soap are the chief differences between this recipe and those 
developed by the German workers, who generally used benzoyl per¬ 
oxide, and various synthetic detergents, chiefly sulfonates. Recipes 
employing benzoyl peroxide as oxidizing agent, together with iron 
pyrophosphate and sugars, have been reported by Marvel and co-work¬ 
ers (38) and by Johnson and Bebb (23). A recipe in which hydrogen 
peroxide is the oxidizing agent taken in the charge has been described 
by Marvel and co-workers (37), who r^orted, however, that in 
charges prepared according to this recipe, polymerization does not 
begin imtil the hydrogen peroxide is completely consumed; accordingly 
the active oxidizing agent in this recipe is presumed to be an organic 
peroxide formed in the charge by reaction of so^, or other ingredients, 
with hydrogen peroxide. 

We have studied a recipe similar to that of Vandenberg and 
Htilse, but with pure saturated fatty acid sosq) in place of rosin soap, 
a substitution which not only results in a considerably increased rate 
of conversion, but removes apossible source of impurities ctf unknown 
composition. It appears certain that in these recipes the ferric iron, 
which is present in the aqueous phase as the pyrophosphate complex, 
is reduced by the sugar; the ferrous iron thus formed reacts with 
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ctunene hydroperoxide, probably with the formation of an organic 
radical, C,HB^(CHj)g, as discussed In the previous sectlon.It Is not 

certain whether this reaction takes place In the aqueous phase, or In 
the organic phase, where the Iron may be present as the Iron soap. 
If ferrous Iron Is used rather than ferric Iron, we have found that the 
molar reaction ratio of cumene hydroperoxide to ferrous Iron Is close 
to unity. In agreement with the results of Baxendale, Evans, and 
Park (2). 

Intheseemulslonpolymerlzatlon recipes, the rate of conversion 
depends much more strongly upon the concentrations of so^ and of * 
sugar than upon the concentrations of other Ingredients. Discussion 
of the role of soap is beyond the scope of this paper; the dependence 
upon sugar concentration, however, is clearly linked with the rate of 
reduction of ferric iron. We have studied both the rate of conversion 
and the rate of consumption of cumene hydroperoxide as fimctlons of 
the concentrations of so^ and of sugar and will report on these 
effects in a later publication. We may mention that an improved rate 
of conversion may be obtained in a typical recipe by replacement of 
fructose with acrude reaction mixture prepared by the Fenton oxidation 
of glycerol or various sugars. Details will be given in a subsequent 
publication. 

A point of similarity between redox polymerizations and the 
Fenton oxidation of compoimds such as glycerol is that in both cases, 
the iron is continually being oxidized by the peroxide, and reduced 
by a sugar or other reducing agent. Active intermediates formed in 
the course of the peroxide-iron reaction initiate polymerization, in 
one case, and oxidation, in the other. 
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Synopsis 

Various mechanisms which have been proposed for the reaction 
between ferrous iron and hydrogen peroxide are reviewed. Two of 
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these mechanisms ai^ear equally satisfactory on the basis of present 
evidence; that of Bray and Gorin, involving formation of tetravalent 
(ferryl) iron, and that of Haber and Weiss, involving formation of 
hydrojqrl and perhydroxyl radicals. Mechanisms involving these 
intermediates have been developed for the ferric iron-catalyzed 
decomposition of hydrogen peroxide; the mechanism of Bray and 
Gorin appears satisfactory, while that of Haber and Weiss leads to 
certain inconslEttencies. A mechanism with ferrous iron and hydroxyl 
and perhydroxyl radicals as intermediates is presented, which 
accounts for the e]q>erimental observations in the ferric iron-catalyzed 
decomposition of hydrogen peroxide. The reaction between hydrogen 
peroxide and ferrous iron induces the reaction between hydrogen 
peroxide and various organic compounds; this induced reaction (termed 
a Fenton reaction) is a chain reaction which is initiated by the active 
intermediates (ferryl iron or hydroi^l radical) formed in the primary 
reaction. The determination of hydrogen peroxide by reaction with 
ferrous iron, if carried out in the presence of various organic 
compoimds (termed promoters), gives incorrect results, due to induced 
oxidation of the promoters; other compounds, termed siqppressors, 
reduce the extent of this induced oxidation of promoters. It appears 
that both types of compounds react with ferryl iron or hydroxyl 
radical to form radicals, which if formed from promoters, reduce 
ferric iron or hydrogen peroxide, while the radicals formed from 
suppressors oxidize ferrous iron. These considerations are of par¬ 
ticular importance in the determination of organic hydroperoxides. 
The reaction between hydrogen peroxide or organic peroxides and 
ferrous iron can induce, or initiate, the polymerization of vinyl 
monomers; this is an example of redox polymerization, which is of 
considerable practical importance at present. 

Resume 

Les differents mecanismes, proposes pour la r^actionduferfer- 
reux-eauoxygeneesontpasses en revue. Jusqu* ici deux mecanismes 
semblentegalementsatisfaisantsrceluide Bray et Gorin, qui suppose 
laformation defer tetravalent (ferryUetcelui de Haber et Weiss, qui 
siq)pose la formation de radicaux hydroxyles ou perhydroxyles. Des 
mecanismes, comportant ces intermidiaires, ont ete developpes pour 
la decomposition del'eauoxygenee, catalyses par le fer ferrique. Le 
mecanisme de Bray-Gorin semble satisfaisant, tandis que celui de 
Haber-Weiss presente certaines difficult^s. Dans ce travail, un 
mecanisme, comportant du fer-ferreux et des radicaux hydroxyles et 
perhydroxyles, comme intermedlaires, est developpe; il repond aux 
observations experimentales, dans la d&omposition catalytique du 
peroj^de d'hydrogene par le fer ferrique. La re^tion entre le per- 
oxyde d'hydrogene et le fer feri'eux induit les reactions entre I'eau 
ojtygeneeetdenombreuxcomposes organiques;^cette reaction induite, 
^pelee reaction Fenton, est une reaction en chaine, qui est initiee p^ 
lesintermediairesactifs (ferferrylique ou radical hydroxy?e) fornaes 
danslareactionprimaire. La determination du peroxyde d'hydrogene 
par reaction avecle fer ferreuxdonne des resultats incorrects, si elle 
est effectuee en presence de differentes substances organiques, 
denommees promoteurs; cet effet est dG a une oxydation induite des 
promoteurs eux-mSmes. D'autres composes, appeles des "suppres- 
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sors" (Inhlbiteurs) diminuent par contre cette oxydatlon induite des 
promoteurs. Usembleque les deux types de derives reagissent avec 
leferferryliqueoulesradicauxhydroxylespour former des radicaux, 
lesquels, s'lls proviennent des promoteurs, reduisent le fer feriique 
ou I'eau OT^genle, tandis que les radicaux formes au depart des 
"stqtpressors" oxydent le fer ferreuau Ces considerations sont 
importantes pour la d^ermination des hydroperoxydes organiques. 
La reaction entre le peroi^de d'hydrogene ou des peroxydes organ¬ 
iques avec le fer ferreux peut induire, ou initier, la polymerisation 
desmonom8resvinyliques;ceci constitue un exemple de la polymer¬ 
isation redox, q\ii est 3. I'heure actuelle d'tme importance pratique 
tres considerable. 


Zusammenfassung 

Verschiedene Mechanlsmen, die fuer die Reaktion von zwei- 
wertigen Eisen und Wasserstoffsiqperoxyd vorgeschlagen wurden, 
werden eroertert. Zwei dieser Mechanisqien scheinen zu sein auf 
Grund gegenwaertiger gleichmaessig befriegend Evldenz; der von 
Bray und Gorin, in dem die Bildung vierwertigen Eisens (Ferryl) 
angenommen wird, und der von Haber und Weiss, in dem die Bildung 
des Hydroxyl- und PerhydroxyIradikals vermutet wird. Mechanlsmen 
mit diesen Zwischeiq)rodukten wurden fuer die durch Ferri-Eisen 
katalysierte Zersetzung des WasserstoHsiq>eroxydes entwickelt; der 
von Bray imd Gorin vorgeschlagene Mechanismus ist zufriedenstellend 
wogegen der von Haber und Weiss zu gewissen Widerspruechen fuehrt. 
Ein Mechanismus mit Ferro-Eisen, Hydroxyl- und Perhydroxyl -Radi- 
kalenalsZwischeiqprodukten wird vorgeschlagen, der mit experimen- 
tellenBeobachtungen der durch Ferri-Eisen katalysierten Zersetzung 
von Wasserstoffsuperoxyd uebereinstimmt. Die Reaktion zwischen 
Wasserstoffsuperoxyd \md Ferro-Eisen induziert die Reaktion zwis¬ 
chen Wasserstoffsiq>eroxyd und verschiedenen organischen Verbin- 
dungen;dieseinduz. Reaktion (die Fenton-Reaktion genannt wird,) 1st 
eine Kettenreaktion, die durch aktlve Zwischenprodukte (Ferryl-Eisen 
Oder Hydroj^lradikale) die in der piimaeren Reaktionsstufe gebildet 
werden, hervorgerufen wird. Die Bestimmung von Wasserstoffsu¬ 
peroxyd durch die Reaktion mit Ferro-Eisen, falls sie in Begenwart 
verschiedener organischer Verbindungen stattfindet, ergibt falsche 
Resultate wegen derer induzierten Oxydierung. Es scheint, dass beide 
Klassen von Verbindungen mit Ferryl-Eisen Oder Hydroxylradikalen 
reagierenundso Radlkale bilden, die im Falle der ersten Klasse von 
Verbindungen Ferryl-Eisen Oder Wasserstoffsiq>eroxyd reduzieren, 
wogegen Radlkale, die von der zweiten Klasse entstanden sind, Ferro- 
Eisen oxydieren. Diese Betrachtungen sind von besonderer Wichtlg- 
kelt in der Bestimmung organischer Hydroperoxyde, Die Reaktion 
zwischen Wasserstoffsuperosqrd Oder organischen Peroxyden mit 
Ferro-Eisen kann die Polymerisation von Vinylmonomeren Induzieren 
Oder hervorrufen; dies ist einBeispiel der zur Zeit wichtigen Redox- 
Polymerisation. 
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NOTE ON THE 'TNHOMOGENEITY” OF POLYMERS 

Schulz (1) defined the Inhomogeneity of a polymer sample by 
the following expression; 



Though this equation serves as a guide in many cases, e.g., 
degradation of polymers, it may be quite misleading in others. 

This may be illustrated by a specific example. Consider the 
case of polymerization consisting of an uncatalyzed bimolecular 
initiation reaction, termination brought about by disproportionation. 
The inhomogeneity for this case is U = 1. (Compare Bawn (2) p. 78.) 
According to the above definition this inhomogeneity should be the 
same irrespective of the individual magnitudes of and P,,; that 
this is not the case can easily be demonstrated. Consider a polymer 
sample of P^ = 500, P^ = 250, and one having the values Pw = 2000, 
Pq = 1000. The general weight distribution function is given by: 


Where mp is the weight fraction, P the chain length, and e a constant 
containing the rate constants of the polymerization. In the first case, 
e = 4 X 10"^, in the second, £= 1 x lO"^. Fig. 1 (p. 400) gives the two 
relevant weight distributions. It is apparent from these curves that 
the inhomogeneities of the two curves are not identical; however, 
according to equation 1 they would be classed as being of the same 
inhomogeneity. 

It would be more appropriate to measure the inhomogeneity of 
polymers by their ‘'spread” as follows (3): 

U = a® = nuRber average (weight average - nuaber average) 

“ **n^*’w “ **11) 

where <r is the root mean square deviation for the number distribution. 
For the case mentioned above the relevant values are: 

- 6.25 X 10* for P, = 500. Pp = 250 

a® = 1 X 10 * for P_ = 2000. Pp = 1000 
1 " 
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MOLECULAR WEIGHT METHODS 

Under certain conditions, simplified procedures appear possible 
in the characterization of polymers by number-average and weight- 
average molecular weights. These methods are made obvious by 
elimination of the osmotic slope, B, between the simplest osmotic 
pressure and light-scattering equations for dissolved polymers (1), 


T * RT 

( V = osmotic pressure, c =£oncentration, R = gas constant, T = absolute 
temperature, B = slope, Mj^ = number-average molecular weigM, H 
involves optical constants of the system, r = turbidity, and M^ = 
weight-average molecular weight.) 


Equations resultingfrom such manipulation are, for polydisperse 


systems. 

J _ He 1 

(3) 

or, defining by 

M„ ” RTc " 2r 2M, 

1 _1 _1_ 

(4) 


2Bx " Mn " 2M, ’ 

1 _ tr He 

(5) 

2M, ~ RTC ~ 2t ’ 

and monodisperse systems, where M = M^ = 


1 2n He 

(6) 


M RTe T 


These relations approach complete validity only when equations 
1 and 2 adequately represent the behavior of the particular polymer- 
solvent system at values of c up to and including the highest under 
consideration. Although considerable theoretical advance has been 
made in estimating the importance, relative to Be, of the terms 
involving higher powers of c in the generalized equation for the 
reduced osmotic pressure of a polymer-solvent system (2), the 
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adequacyof equations 1 and 2 should at present be established expert* 
mentally. For the purpose of molecular weight measurement pro¬ 
cedures proposed here, the most concentrated solutions satisfying 
equations 1 and 2 should be used, and best sensitivity would be obtained 
in a poor solvent, or a solvent-nonsolvent mixture, so that the value 
of B is small, and v and r are more dependent on molecular weight and 
the first power of the concentration. The application of these relations 
to molecules sufficiently extended to show interference in the scattered 
light is not considered here. 

When the conditions of the preceding paragraph can be met, it 
appears that equation 3 would enable the calculation of the true extra¬ 
polated value of either Mn or from the extrapolated value of the 
other plus one measurement of turbidity or osmotic pressure. This 
would have the effect of extending the region of accuracy for both Rq 
and determinations. For example, the value of for a high 
molecular weight polymer is easily measured by light scattering 
involving extrapolation by means of equation 2. However, the usual 
determination of Mj^ would involve extrapolation of inaccurate values 
in dilute solution. By use of equation 3, the solution of highest con¬ 
centration used for measurement of r could be subjected to a single 
measurement of then these values plus that of could be used for 
the calculation of Conversely, low molecular weight polymers are 

easily measuredforMn, but are too low in to yield accurate values 
from the usual ligl^-scattering measurements. In this case the 
extrapolated value of Mq would be used in equation 3 with single values 
of r and v taken in the solution of highest concentration used. It is 
e^qpected that procedures of this kind would find most use where 
routine measurements on the same kind of polymer are carried out. 
In this case the preliminary determinations of the best solvent system 
to be used, of the adequacy of equations 1 and 2, and of the reliability 
of v and r measurements at various concentrations would appear to be 
justified. In some polymer-solvent systems, undesirable association 
among polymer molecules and slow osmosis may be encountered. 

The use of another kind of average molecular weight, as 
defined for equation 5, is siiggested for application to polydisperse 
systems. Within the limitations imposed, the calculated value of 
would be independent of the concentration used for its determination 
and would require only one value each for turbidity and osmotic 
pressure from the same solution. It should, therefore, be a useful 
and conveniently determi^d chuactertstic of the polymer without 
separate det^mination of or M^. The value should always 
lie between Mn and 0.57Mn as shown below since - !^n* 


Size distribution 


M 

X 

Monodisperse 

1 

M 

n 

Medium polydispersity 

2 

^5 "a 

Wide polydispersity 

00 



In the possible instance ci a monodisperse system of polymer 
molecules, equation 6 indicates that the true extrapolated value of the 
molecular weight can be determined from values of ir and r at a single 
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concentration without extrapolation. Thus, the highest concentration 
that satisfies the limiting assumptions can be used for highest accuracy. 
Appllcatlonof equation 6 should be of Interest In fractionation studies. 

Appreciation Is expressed to Dr. J. B. Nichols and Prof. F. T. 
Wall for helpful discussions of this subject. 
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"The Chemistry of the Polysaccharides." Robert J. McUroy. Long¬ 
mans, Green, London, 1948, 118 pp., ^2.50. 

This little book of approximately one hundred pages is a rather 
heterogeneous collection of brief essays on the polysaccharides and 
relatedtopics. Emphasis is placed upon structural concepts, and the 
presently incomplete status of the structure of the natural polysac¬ 
charides is delineated. The general methods that have been employed 
are well described, and the chemistry of the monosaccharides is 
elaboratedto the extent required to recognize them as polysaccharide 
component units. The large and increasing size of the groiqp of natural 
polysaccharides is well shown. Some analytical methods are given in 
eiqperimental detail and an appendix is added to report a few selected 
recent advances. The book is recommended for those wishing to make 
a quick and cursory review of this significant research field. 

M. L. Wolfrom 
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DEGRADATION OF HIGH POLYMERS ** 


Sincethe resistance of a high poly meric substance to degradative 
processes is often a most important consideration governing both the 
molecular weight attainable in a polymerization reaction and the 
stability of the product, the relation between rate of degradation and 
molecular weight (or degree of polymerization) is a matter of some 
interest. In the following derivation such a relation is developed. 

A linear polymeric molecule may be described as consisting of 
monomeric units held together by polymer linkages, the number of 
which we shall designate by p. For a single molecule, p = n - 1, 
where n is the degree of polymerization (number of monomer units 
per molecule). In a system consisting of polymer of (infinitely) high 
molecularweight, the number of polymer links in a given volume may 
be designated by poo . As such apolymer is subjected to degradation, 
each link destroyed is replaced by two end groups; and thus at any 
time, 

' 1 


where e gives the number of end groups. 

Since the number of polymer chains present is €/2 and the 
average number of polymer links per chain is 2p/f , the average 
degree of polymerization is given by: 


n 



( 2 ) 


Combining this with equation 1 we obtain: 

P = P-(-^) (3) 

If degradation is a first-order reaction (as would be the case, 
for example, were chain rupture due solely to intramolecular thermal 
stresses), the rate of destruction of polymer links at some given 
temperature is: 


^Contribution from E. I. du Pont de Nemours and Company, Rayon 
Technical Division, Buffalo, New York. 
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Integration of equation 4 gives: 



or In(p^p) = kt 


(5) 


With the aid of equation 3 this may be expressed in terms <A 
the degree of polymerization: 


In —— = kt 
n - 1 



( 6 ) 


Equation 6 gives the degree of polymerization at any time for 
a polymer initially of very high molecular weight. 

Substitution of equation 3 in equation 4 gives: 

dn o 

-■—= k<n2 - n) (7) 

dt 

for the rate of decrease in D.P. As a good approximation at high 
molecular weight, 

-^=kn2 (8) 

dt 


will hold since n2 will then be much larger than n. Thus, during a 
degradation reaction of the fir St order with respect to reacting groups, 
the rate of loss of molecular weight (number average) is nearly 
proportional to the square of the molecular weight. 

As a matter of fact, if can be shown that the approximate 
expression, equation 8, results without the assumption of a first>order 
degradation reaction. For a more general case, equation 4 may be 
rewritten: 

-iLskp* (9) 

dt 


where X is the reaction order. By equation 3 this may be expressed in 
terms of the D. P.: 



( 10 ) 


At high degrees of polymerization (1 - 1/n)* approaches unity, and 
equation 10 becomes equivalent to equation 8. 

In the above derivation it has been assumed that the chemical 
bond destroyed is that joining monomer units; however, if the bond 
actually broken is a different one, the e}q)ressions in terms of D. P. 
will still be valid. The approximate relation, that the degradation 
rate of apolymer is proportional to the square of its number-average 
molecular weight, should hold for any thermal degradation unless the 
total reaction rate is a composite of the rates of several different 
reactions. In this case, the relation should still be applicable over 
any part of the degradation curve where one reaction is proceeding 
much more rapidly than the others or where the different reactions 
are proceeding at essentially the same rate. It should also prove 
valid for chemical degradation in a constant environment; e.g., 
hydrolysis in dilute polymer solutions. It has been a tacit assumption 
in the foregoing derivation that degradation is carried out under 
conditions where no polymerization can occur and that the strength 
of the bonds in question is independent of the size of the molecules 
in which they occur. 
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In order to test the accuracy of these derived equations, it 
wouldbe necessary to have data on number-average molecular weight 
at various stages of degradation of the polymer. Such data are not 
available, butthe data given in Table I show the variations of intrinsic 
viscosity of polyethylene terephthalate after various times of heating at 
285^0. The exact relationship between Intrinsic viscosity of this 
polymer and number-average molecular weight is not known, but it 
seems reasonable to assume that these data show a qualitative 
agreement with the requirements of the derived equations. 


TABIX I. Thermal Degradation of Polyethylene Terephthalate 
at 285 'C. 


Heating tlme^ 
hours 

Intrinsic viscosity 

1 2 

0 

0.58 

0.75 

1 

0.44 

0.55 

2 

0.41 

0.45 , 

5 

0.39 

0.42 

1 * 

0.37 

0.40 


E.F. Casassa 


E. I. du Pont de Nemours & Co. 
Rayon Technical Division 
Buffalo, New York 

Received April 14,1949 


ERRATA 


Errata: PHOTOCHEMISTRy OF PROTEINS. V. 

EFFECT OF pH AND UREA ON ULTRAVIOLET UGHT 
INACTIVATION OF CRYSTALliNE PEPSIN 
(J. Polymer Scl., 4, 45«62, (1949) 

by A. D. McLaren and Sidney Pearson 
Institute of Polymer Research, Polytechnic Institute of Brooklyn, 

Brooklyn, New York 

Page 45, lines 15-16 should read: 

(11) If the former is true, the increased accessibility of tyrosine 
residuesinthepresenceofureamight also result in a reduction 
of any screening effect of chromqphoric groiq>s about the vital 
tyrosine 

Page 46, line 31 should read: 

digested at 24. IT. After 10 minutes the enzyme and undigested 
pro- 

Page 48, line 10 under Table n, should read: 

deflection represented 8.84 x lO"' watts/cm. With the reaction 
cell 

Page 50, lines 4 and 8 under equation (1): 
change 2700 to 2770 


Errata: ADHESION, m. ADHESION OF POLYMERS TO 
CELLULOSE AND ALUMINA 
(J. Polymer Sci.,j|, 63-74, 1949) 

by A. D. McLaren and Charles J. Seiler 
Institute of Polymer Research, Polytechnic Institute of Brooklyn, 

Brooklyn, New York 

Title should read: 

ADHESION, m. ADHESION OF POLYMERS TO CELLULOSE 
AND ALUMINUM 

Page 66, Table m, column 2, should read: 

Mole frac¬ 
tion MVK 


0.0 

0.27 

0.51 

0.69 

0.86 

1.00 

Page 67, equation (2) should read: 

In «In . A, +CM^» + B/Tj » A, +CM|f^ + B/T, 
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' 'Principles of High Polymer Theory and Practice.' ’ Alois X. Schmidt 
and Charles A. Marlies. McGraw>Hill, New York, 1948, xii+743 pp., 
$7.50. 


The science of large molecules encompasses not only the 
naturally occurring materials-wood, cotton, wool, silk, polysac¬ 
charides, protein, rubber, and many others-but also the ever-in- 
creasing range of synthetic organic polymers. The intense interest 
in this field has led to a rapid growth in publication, and there have 
appeared, on the one hand, a number of technological and industrial 
monographs which pay little attentiOQ to the fimdamentals and, on 
the other, a series of monogr^hs often of a specialized nature and 
dealing with the fundamental aspects. 

In the present work the authors have attempted to fuse both 
aspects and have produced a textbook which explains not only the 
elementary principles and concepts but also the manufacture, develop¬ 
ment, fabrication, and application of high polymeric materials. The 
contents are arranged to suit both the undergraduate and graduate 
courses and it is suggested that certain chapters may be by-passed 
and others be regarded as optional depending on the length of the 
course. No part of the book, however, is beyond the range of the 
student with the normal degree of training in chemistry. 

Introductory chapters on definitions and concepts and the nature 
of molecular forces are followed by four chapters on the special 
properties, formation, and structure of high polymers. The next 
section of the book comprises chapters on rheology, molding and 
manipulations, mechanic^ properties, and the electrical, thermal, 
and (^tical properties. The final part deals with the special properties 
and applications and includes chapters on fibers, rubber, surface 
coatings, adhesives, and resins. The whole field of polymeric 
materials is covered. No topic of importance seems to be omitted. 

In spite of this enormous task and the wealth of useful and 
accurate Information in this book, the reviewer has difficulty in 
deciding for what class or type of student this textbook is intended. 
He is of the opinion that before embarking i^on the special study ol 
high polymers a thorough groimding in physics and chemistry is 
essential. From this point of view much of the elementary chemistry 
in the book could be omitted or considerably condensed and the 
treatment of the more fundamental ideas of the polymerization process, 
andthe thermodynamics and the methods of studying molecular shape 
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and size, extended and developed. Mxich of the latter part of the book 
on the applications, although summarizing much factual and technical 
knowle^e that may be useful to the technologist or chemical engineer, 
is (Uvorced in its outlook from the elementary presentation of 
fundamental principles of polymeric materials developed in the early 
half of the book. For example, while it is accepted that the fabrication 
processes are governed by rheological behavior, the chapter on 
mixing, extrusion, i^inning, etc. Like many other sections in the book 
this serves to illustrate the very wide gull between pure research and 
technological problems in the polymer industry. 

The book as a whole is clearly written and well illustrated, and 
at the end of each chapter an adequate selection of references to review 
articles and monographs is given. The extensive references to trade 
information in both the text and the appendices seem to be uimecessary 
in a textbook of this type. 

In summary, the book attempts too much in trying to cover the 
chemistry, physics, mechanics, manufacture, and application of high 
polymeric materials. It should, however, prove useful to the tech¬ 
nologist who wishes to obtain some knowledge of the basic principles 
and to the chemist unfamiliar with the application and use of natural 
and synthetic polymers. 


C. E. H. Bawn 
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"Advances in Protein Chemistry, Volume IV." M. L. Anson and 
John T. Edsall, editors. Academic Press, New York, 1948. 575 pp., 
$8.50. 


The latestvolume in this series of reviews on protein chemistry 
contains eight contributions, describing substances ranging from 
simple amino acids to complex gel networks. 

Of particular interest to the polymer chemist is the discussion 
on protein gels by J. D. Ferry. Greatest attention is paid to the 
properties of gelatin and fibrin, fields to which the author has 
contributed substantially himself. A description is given also of 
gels formed by egg albumin, insulin, casein, and other proteins. 
Throughout this review, the theory of network formation is used to 
correlate the observed mechanical and optical behavior of these 
systems. 

Equally of interest to the polymer scientist concerned with 
proteins are the articles by Corey, Svensson, Putnam, and Wyman. 
In a brief but lucid article, R. B. Corey summarizes the information 
which has been obtained from x-ray studies on amino acids and 
peptides, and the inferences which may be made from these investi¬ 
gations on the molecular configurations within proteins. Unfortunately, 
however, this article seems to have been written before the publication 
(1947) of the striking work of Perutz and his associates on crystalline 
hemoglobin, since no mention is made by Corey of these brilliant 
investigations. 

In an article replete with diagrams, H. Svensson surveys 
ionophoresis and electrophoresis as preparative methods. Fraction¬ 
ation procedures are described for isolating amino acids. Much 
attention is devoted also to the Tiselius electrophoresis apparatus 
as an instrument for protein fractionation, and a detailed description 
is given of the most recent type of cell used for preparative purposes. 

A very comprehensive survey of complexes of proteins with 
detergents has been prepared by F. W. Putnam. Information from 
various methods of Investigation has been brought together and used 
to establish a reasonable interpretation of the mechanism of the 
observed interactions. 

The most impressive contribution in the present volume is the 
critical review by J. Wyman on the heme proteins. In addition to the 
discussion of the descriptive aspects of the properties and behavior of 
these proteins, there is presented a method of correlation of the quan¬ 
titative aspects of the behavior of hemoglobin in terms of generalized 
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functions for the treatment of complex equilibria, which clearly is the 
definitive work in this field. Much of the theoretical discussion could 
be carried over profitably to other colloidal phenomena.- 

In addition to the five reviews mentioned so far, there are three 
articles of lesser interest to the polymer chemist on proteins of 
pathogenic origin, the distribution of plasma proteins in disease, and 
the stereochemistry of amino acids. 

As inprevious volumes, each article in the present edition con¬ 
tains an extensive outline which most readers will find of definite 
value in placing each topic into the general picture. The large num¬ 
ber of diagrams, particularly in the reviews by Corey and Svensson, 
also add substantially to the clarity of presentation. The particular 
topics chosen by the editors represent a reasonable selection from 
the broad field of protein chemistry. Investigators interested in the 
special fields included among these topics will find the articles com¬ 
prehensive and critical; colloid and polymer chemists in general 
will find these reviews very stimulating and suggestive. 


I. M. Klotz 
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“Theory of the Stability of Lyophoblc Colloids. The Interaction of 
Particles Having an Electric Double Layer.” E. J. W. Verwey and 
J. T. G. Overbeek, with the collaboration of K. van Ness. Elsevier, 
New York-Amsterdam, 1948, 216 pp., $4.50. 

This important work describes a mathematical and physical 
theory developed by the authors during the German occtqiation of Hol¬ 
land, and is presented here for the first time in complete form. It 
consists of three parts, as follows: Part I, Theory of a Single Double 
Layer; Partn,On the Interaction of Two Parallel Flat Plates; Part 
m. On the Interaction of Spherical Colloidal Particles. There is also 
an appendix entitled “Theoretical Work on the Stability of Lyophobic 
Colloids by Previous Authors.” 

It is not to be expected that such a detailed theoretical treat¬ 
ment should provide easy reading. The authors have, however, al¬ 
leviated the burden of strict logic by a parallel discussion which ex¬ 
plains how their derivations differ from those of previous workers. 
This valuable feature runs throughout the text and provides also the 
main topic in the appendix. The English is commendably good; here 
and there one finds slight departures from our customary usage which 
add a touch of piquancy without seriously endangering the meaning. 
The authors have made extensive use of graphical methods in present¬ 
ing their results. 

The chief practical advantages claimed for this theory are that 
it predicts the Schultz-Hardy valency rule in coagulation, and also ex¬ 
plains how, at the proper concentrations, colloidal systems can show 
thixotropy andtactoid formation. The contributions of ionic and non¬ 
ionic factors to the resultant forces between particles are made clear 
throughout. Especial emphasis is placed on the nonionic factors, that 
is, on the molecular attractions that go by the name of London-van der 
Waals’forces. It is believed that their range in colloidal systems is 
much greater than that foimd for colliding molecules in the kinetic 
theory of gases. For parallel plates, for instance, the force falls off 
Inversely asthesquareof the distance, whereasfor pairs of gas mole¬ 
cules it diminishes inversely as the seventh power of the distance. 
Thd evaluation of this force is the least precise part of the authors’ 
treatment and in combining it with the electric forces due to ions cer¬ 
tain values are empirically adopted. 

Those concerned with polymer chemistry have, in general, tended 
to neglect the London-van der Waals’ forces and to place their chief 
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emphasis tqpon chemical linkage. In systems where the process of 
condensation has come to an end withoid producing an Indefinitely 
extending structure it would seem thatthese forces could he extremely 
important. In addition, all that groig) of colloidal electrolytes, which 
is sometimes called '*polyelectrol^es," comes within the general 
scope of this book. However, the forces between linear particles in 
sui^ension are not evaluated, whereas plates and spheres are fully 
covered; there would seem to be room here for extremely useful ex¬ 
tensions of the authors* treatment. 

In general, therefore, this work will, through its detailed ex¬ 
amination of the nature of the forces between colloidal particles, ex¬ 
ert an important influence upon future developments. It is not to be 
doubtedthat some of these will be concerned with the colloid chemistry 
of polymers. The publishers are to be congratulated in making this 
fundamental work generally accessible. 

C. E. Marshall 



jonrnal of Polyaer Science 


Vol. IV, pp. 415-416, 1949 


REVIEW 


"Plastics Dictionary.'’ Thomas A. Dickinson. Pitman, New York, 
1948, xiii -i^l2 pp., $5.00. 

According to the author, the purpose of this dictionary is to 
provide both the e]q)ert and the layman with understandable defi¬ 
nitions of terms generally used with reference to plastics. It 
contains approximately 3,500 definitions and several tables and charts 
recording data on catalysts, chemical elements, fillers, pigments, 
plasticizers, and solvents, and lists many of the books and periodicals 
in this field. Include are numerous definitions of foreign trade names, 
with emphasis on those originating in Great Britain. 

Although it does fulfill partially the need for a reference book 
of this type, many of the definitions appear to be incorrect, confusing, 
or inadequate. Therefore, it can hardly be recommended for the 
layman, who might not be able to recognize its defects. The expert 
will find a fresh viewpoint in some definitions with which he is 
familiar, but should not have confidence in unfamiliar definitions. 
Frequently, when a resin or apparatus is defined, the author lists 
only one manufacturer and does not infer that there are others who 
ar^ perh^s equally or even more widely known. A few examples of 
unsatisfactory definitions are the following; 

Acrylonitrile : "It may serve as either a monomer or polymer." - ? 
Adipic: " - soluble in water, alcohol and ethyl." - Ethyl what ? 
Amides : "Same as amines." - ? 

Ion : "Positively charged ions are called anions, and negatively 
charged ions are called cations ." - ? 

Detergent : "A compound that purifies or cleanses." 

Dielectric ; "A material that resists the flow of an electrical current." 
Dryer: "A machine or device designed to be used in separating 
liquids from solids....(see drying agent.)" - ? 

Drying Agent: "A metallic soap of one of the higher organic acids 
used to hasten the hardening or curing of resins. Japan dryer is the 
agent most frequently used to speed the hardening of coatings. (See 

dryer.)" - ? 

Fade- 0 -meter : "An electrical device produced by Willmott, Son, & 
Philips, Ltd., Great Britian." - How about manufacturers in 
U. S. A. ? 

Tung Oil : "Ayellowollobtalnedfromthe fruit of aleurites cordata. " 
- Many e]q>erts would not recognize this definition. 
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Mpones ; 'jA comparatively new group of plastics develmed by Dow 
Corning Corp., U.S.A.” - How about General Electric ? 

Lacq\^; ’’Natural an^or synthetic resin su^nded In readily 
evaporating solvents.” - ? «aaiiy 

"A vegetable resin or Juice, or an unvulcanized elastomer." - ? 
Moisture Permeability: "See mol^urejybsorptlpn.” 

Zsrex ; ”A polyvinyl alcohol Mtlfreeze p.omnfm nd _»» . 9 This 

should be ethylene glycol.' * 


G. W. Seagren 
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Some Remarks on the First Interaction Coefficient 
of the Viscosity-Concentration Equation 

F. EIRICH and J. RISEMAN, Institute of Polymer Research, 
Polytechnic Institute of Brooklyn, Brooklyn, New York 


INTRODUCTION 

The problem of the relation between relative viscosity and 
concentration of colloidal or polymer solutions is one of old standing. 
It is intimately linked vqp v^th the viscosity of liquids and of liquid 
mixtures. With all details of molecular structiure and force fields 
coming into play, no simple general solution can be e]q>ected. A 
considerable simplification is possible though whenever the particles 
of one component are large enough and have a sh^e sufficiently well 
defined to consider them as submerged bodies. The system can then 
be treated hydrodynamically. In doingthis for a suspension of spheres, 
Einstein (1) derived the equation that proved so eminently fruitful 
but applies to dilute systems only. Since then, usingthe same approach, 
Jeffery (2), Kuhn (3), Guth (4), Simha (5), Huggins (6), Kirkwood and 
Riseman(7), Debye (8), and others successfully developed equivalent 
equationsfor ellipsoids, rods, dumbbells, kinked chains and coils for 
the case of overlding Brownian movement, but again only in dilute sol¬ 
utions where the contributions of Individual particles are additive. 

On the other hand, there are the great number of attempts to 
formulate concentration effects empirically, or to deduce a relation 
from special assumptions (9). Frequently, authors have started from 
one of the theoretical linear rel^ions, trying to modify them for 
interaction, overlooking that thereby they violated the basic assumption 
from which the linear laws were derived. However, it was soon 
recognized that, as in other cases, a series of powers in the con¬ 
centration was most suitable to describe concentration effects. Those 
of a polynomial structure, or representing an expanded logarithm, 
as, for example, Hess and Philippoff's (10) or Martin's (11) equation, 
were especially successful in describing the viscosity over a wide 
range, thou^ at moderate concentration only the square, or at best 
the cubic term, need to be considered. At the other end of the 
concentration scale Flory's ( 12 ) equation for pure molten polymers 
should be mentioned, as well as Eyring's (13) attempt to use it for a 
formulation of conq)osite viscosities. 

The first to take up Einstein’s approach lor the calculation of 
theeffectof concentration was Guth, who i^th Gold (14) and Simha (15) 
calculated tho coefficient of the square term, finding a value 14.1, 
Unfortunately, external circumstances together with the mathematical 
difficulties did not permit the calculation of higher coefficients for 
spheres, nor of any for the concentration effects of nonspherical 
particles. At least it became clear that the powers of the concentration 
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should be the consecutive integers, that Is, c*, c’, or perhaps c* for 
^heres, and also a c* and c’ for ellipsoids. Simultaneously the 
e]q[)erimental re>investigation of the viscosities of suspensions, 
carried out by one of the authors (16) by means of models, largely 
confirmed the theoretical work. In addition, the coefficient of the 
cubic term for spheres was found to be ^proximately 2 .( 2 .5)’. 
Further, it turned out that for large rigid rods, too, the coefiicients 
for the higher concentration terms could be represented by that of the 
linear term to the same power as c, times a numerical factor near 
unity. This agreed with Guth's e]q>ectatlon and indicated the interesting 
possibility that the viscosity contribution due to interaction of particles 
of any shape could to a certain extent be represented by hydrody- 
namically effective spheres (similar to resistance problems), the 
radius of which, for incipient concentration effects, might remain 
reasonably constant. 

Subsequently it has become common practice to designate with 
Kraemer the factor of the linear term, as found by extrapolation from 
the e]q;>erlments, as the intrinsic viscosity. Huggins (17) has finally 
brought the viscosity-concentration relation into its present 
form, which incorporates all the features discussed above and has a 
wide ^plicability for high polymer solutions of moderate concen¬ 
tration. Huggins noticed that the coefficient of [ 17 ] k'in his 
notation, though constant with molecular weight, changed significantly 
for the same polymer fraction in different solvents, in a way opposite 
to the intrinsic viscosity. He observed also that k' changed in the 
same way as the constant in his thermodynamic theory of polymer 
solution. This behavior is of considerable Interest and has stimulated 
various efforts for its interpretation, none so far conclusive. Since 
a better insight should be of great value for our understanding of 
concentrated polymer solutions, it seems desirable to re-open the 
discussion in the light of a few recent observations. 

SIGNIFICANCE OF k' 

The coefficient k* was introduced by Huggins, and before, 
'independently, by Kuhn (3), as a hydrodynamic correction factor. 
In the use of Stokes* law to calculate the viscosity contribution from 
the resistance of the molecular chains, an appreciable error enters 
on account of the deviation of the individual chain members from 
spherical shape, further on account of their being comparable in size 
with the solvent molecules, and also from their mutual interaction. 
The factor k* with which [A'-j is multiplied is assumed to take care of 
these discrepancies. Huggins Introduced further into the Stokes' 
resistance the viscosity of the solution instead of the solvent in order 
to cover initial concentration effects. He writes for the viscosity: 

*1 ' *^solutlon ’^solvent Wcj 

A similar procedure has been used with advantage by several authors 
but as discussed later it remains questionable how far this is justified. 
From here Huggins arrives at this relation: 

nsp/c = h] ♦ ic'[n]’*c + ... ■ 

where k* appears as the numerical coefficient of the square term. 
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Accordingtothls,k'is of the nature of an independent constant, 
referring to the units or to a sequence of units in a polymer chain, 
and possibly to the peculiarities of the chain as regards back-coiling. 
Therefore, k', while contributing to the intrinsic viscosity, should 
form a rather constant contribution unaffected by the other factors 
makingtq)the intrinsic viscosity. This istrue for changes of [ 7 ] with 
the molecular weight, and, in so far, may be taken as a confirmation 
of Huggin's assumptions. On changing the solvent, though k* becomes 
afunctlon of the solvent nature. It appears to us that current attempts 
to ejqplain this variation are out of line with the definition of k’, as 
originally Introduced. 

These explanations go back to the general observation that in the 
best solvents the intrinsic viscosity is usually highest, and decreases 
with increasing/u-values. Huggins (18) and Alfrey, Bartovics, and 
Mark (19) were the first to point out that this is probably due to the 
fact that in good solvents chainlike molecules will be more extended 
than in bad ones, where residual molecular forces tend to reduce the 
dimensions of the molecular coil, and thereby its over-all hydrody¬ 
namic effectiveness. Conforming with this, the slopes of the 7sp/c 
versus c curves increase with the better solvents and decrease in the 
lesser ones, but not nearly enough to keep k' constant. To explain 
this, it has been widely assumed that the smaller effective hydrody¬ 
namic radius in the poorer solvents is more than compensated for by 
the greater number and duration of polymer-polymer contacts in such 
a solvent, resulting in an increased interaction. This is unlikely in 
view of the interparticle distances at which concentration effects set 
in, but even if this explanation were correct, it would still be incon¬ 
sistent with the original definition as a hydrodynamic effectiveness- 
andinteraction factor, to e3q)ress these influences as changes in k”. 

Moreover, the parameter k*, as introduced, should in reality 
appear specifically in the e]q)ression for intrinsic viscosity (1), since 
it is introduced as a factor pertaining to the behavior of a single chain 
and not of a set of chains. Its consequent appearance, and the manner 
of its appearance, in the terms relating to the particle interaction, 

^Inasmuch as in deriving an expression for the intrinsic viscosity, k* 
was introduced to correct for the deviations of the frictional resistance 
of the chain elements from that given by Stokes' law, it should be 
possible to obtain k' from data defining intrinsic viscosities. Thus 
on the basis of the Huggins formulation it would appear that the vis¬ 
cosity behavior of concentrated solutions should be predictable from 
the viscosity behavior of the infinitely dilute solution. In this connection 
we call attention to the frictional constant f introduced in the Kirkwood- 
Riseman viscosity theory. Comparing k’ and f we see that the two 
should be related as follows; 

k' = C/6nnoa 

Where 7o is the solvent viscosity and athe radius of the chain segment. 
In particular the ratio of k' in two different solvents, should be 
related to that of f in the two solvents. Therefore, knowing the 
value of k' in one solvent and the intrinsic viscosity in both solvents, 
we ought to be able to compute k' in the second solvent and conse¬ 
quently, according to Huggins, the concentration dependence of the 

(Footnote conttnued at bottom of page 420I 
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could be Justilied only q;>ecifically introducing such interactions into 
thb theory itself. The artifice of bringing in such interaction through 
the use of a solution viscosity rather than the solvent viscosity in 
Stokes' law is questionable. Such an artifice does not allow for the 
fact that the presence of a finite concentration of particles affects 
the hydrodynamic behavior of the fluid, since obviously the nature of 
the flow will change. It is this overlapping or additional distortion of 
the fluid flow due to the large number of particles present that brings 
about the changes in viscosity which represent a concentration effect 
basically different from the effect of the addition of further particles 
to a pure liquid of the same viscosity as the suspension. It is not 
surprising that such an effect is satisfactorily given by an equation 
containing an concentration term as pr(H>osed by Huggins, since a 

dimensional analysis alone would showthat such aterm should appear. 
Similarly, a k' term, having among others a significance as that of 
Huggins, can indeed be expected. However, being the coefficient of 
a square term k' would be of a necessarily more complex nature, 
having to do with the actual mechanism of hydrodynamic interaction 
between particles. It follows that in the absence of a satisfactory 
theory or of clear-cut e^erimental evidence, k' will either have to 
be redefined, or one or several additional interaction constant intro¬ 
duced, or that one would have to revise the e]q>onent of [^}. 

In attempting such a clarification it will be of advantage to 
remember that primarily we have to deal with slopes, that is, with 
the coefficient of c‘, which in the plot of tj sp/c vs. c becomes the 
slope of the curve. In order not to be arbitrary in splitting this 
coefficient into factors, one must have good evidence on theoretical 
or e]q)erimental grounds. As regards the former we have the reasons 
given above for a near proportionality of the slopes with and 

the same relation emerges also, as stated before, by inference or as 
approximation from earlier hydrodynamic work. As regards ex¬ 
perimental evidence, a good linear relationship between slope and 
[‘> 7 ]^ has been r^eatedly rq>orted whenever [ 17 ] changed with the 
molecular weight in a polymer-homolog series. This will again be 
confirmed below. However, as soon, as k* varies for one and the 
same polymer fraction on account of a change in the solvent, we are 
left without any clear-cut relationship. Several attempts have been 
made to calculate this function on the basis of a physical model 
involving the changes in intermolecular forces from one solvent to 
the other (20,20a). They have not met with conspicuous success, and 
one can see that as long as the intrinsic viscosity itself cannot be 
calculated as a function of the solvent the calculation of the slopes is 


viscosity in that solvent. For polystyrene, benzene and methyl ethyl 
ketone, we obtain the following ^'s and k's. 

isIlMHL- 0.23 and 4“= “-5 

'^MEK 

it should be noted that these two ratios are appreciably different, so 
that the participation of additional factors must be suspected. We will 
return to this later in the text. 
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without proper basis. In view of this it seems of advantage to look 
into the eiiperimental evidence for the influences that come conceivably 
into play in concentration effects. 

INITIAL SLOPES OF i 7 sp/c vs. c CURVES 

Any analysis of slopes,* since it cannot yet be brought onto an 
absolute basis, has to be carried out by comparison. As a suitable 
standard of reference we propose the behavior of spheres, for which 
the mechanism of the early hydrodynamic interaction is fairly well 
understood and the theory has given adequate results. 

We begin by plotting the slopes against squared intrinsic vis¬ 
cosities of some fractions, e.g., of methyl methacrylate and of poly¬ 
styrene-methyl methacrylate copolymer, in toluene and in methyl 
ethyl ketone, (Fig. 1). They have been recently measured by Kapur 
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Fig. 1. ‘Slopes'* (7?sp/c vs. c curves) vs. of poly- 

methyl methacrylate and of methyl methacrylate-styrene 
copolymer fractions In toluene and methyl ethyl ketone: 
polymethyl methacrylate In toluene {•), In MEK (o); 
methyl methacrylate-styrene In toluene (#), In MEK (•); 
rigid spheres (S). 

( 21 ) over a wide range, but at the same time they are representative 
of most measurements reported in the literature in that, apart from a 
statistical scattering, the slopes fall on straight lines if plotted against 
[ 17 ] *. The ratio of slopes to [tjj* in Fig. 1 gives k* values which fall 
within the usual range (ca. 0.5). If we enter the corresponding values 
for spheres, i.e., [tjJ* = 0.000625 (/> equals particle density), 

*In order to avoid misunderstandings, we shall in this p^er mean 
by "slope” always the initial slope of the linear plot of Vsp/c vs. c, 
as mentioned above. The slopes of "slopes" vs. will be referred 

to as k'. 
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slq;)e « 0.00141,^ and k' » 2.25, we find this point near the origin, but 
considerably above the extrapolation of the lines toward zero, (cross 
in Fig. 1; see also enlarged inset in Fig. 3). This point could lie on the 
extrapolated lines only if the monomer unit would be a sphere itself. 
Our attention is thus drawn to the fact that for a number of polymer 
homologue series there will be already in the monomer-to-low-poly> 
mer range a number of slopes belonging to the same intrinsic 
viscosity, or a number of intrinsic viscosities for a particular value 
of slope. Of course, this is due to the very variations in structure, 
to account for which the k* factors have been introduced in the past. 
We shall, however, be in a better position to obtain some insight into 
the nature of k* as a function of the structure if we begin with the 
monomer, especially if we assume it first to be spherical. 

The main clues come from Taylor's (22) calculation or the 
viscosity of sui^ensions of liquid spheres, and from one of the 
authors' (23) work with models. The former shows that the specific 
viscosity falls with the shear strength or viscosity of the suspended 
liquid, from the value 2.5 in the case of complete rigidity, to below 
2 for a viscosity equal to that of the medium. It may drop lower still 
if the solute droplets are easily deformed or divided. A similar 
decrease in specific viscosities was foimd for various shapes, 
rodlets,curls, rings, nets, platelets, if they lost their rigidity by soft¬ 
ening. At the same time the slopes decreased and dropped compara¬ 
tively more than [i;P, so that k' decreased. Only a few such cases 
have been investigated, but the drop in k' was found every time, and 
may be assumed to be the rule. Figure 2, showing the ffsp/c vs. c 
curves, illustrates this behavior. We learn from this that internal 
softness of particles is not only a reason for lowering the intrinsic 
viscosities but even more so for lowering the slopes. 

Returning to the rigid spheres, their k' of approximately 2 
obviously represents the highest value for the slopes d the series of 
spheres of increasing rigidity (cross. Figure 3), which is the only 
parameter that canbe altered with spheres (for our present purpose, 
porosity can also be considered as internal softness). Increase in 
radius leaves all spheres geometrically similar and does not change 
the viscosity-concentration (vol, fract.) relation. Let us now join two 
spheres, or take an ellipsoid of the same short axis and a » 2r, and 
after this athlrd sphere, or an ellipsoid with a = 3r, and so forth. We 
change thereby the shape and will expect a different type or degree of 
interaction, i.e., we will have a change In k'. Our model experiments 
permitted us to follow this change, though not with a high accuracy. 
We found that at first k' increased very rig;>idly with increasing axis 
ratio, then less, and finally reached an almost constant value (^prox. 
6). Rather surprisingly, the plot of slope vs, IiiP gives again a straight 
line, or very nearly so (Fig. 3). These two features together neces- 

^This value is based on a coefficient of 14.1 as calculated by Guth, 
Simha, and Gold, in agreement with model experiments in a Couette 
apparatus. The same models in capillary viscometers give lower 
values, corresponding to a coefficient 8-10. As shown later, an 
apprortmate recalculation along a new approach gives also a value 
of 10. Whatever the final check on the theory will be, the following 
arguments are not based on any particular value. 
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sitate that the straight line cannot pass through the origin. As a matter 
of fact, it terminates in the point for spheres which, apart from the 
linearity of the extrapolation, is not surprising. This linearity in the 
face of changing geometry may be reconciled by the formal possibility 
stated above, of r^lacing rodlets by effective spheres of action. 



Fig. 2. T 7 sp/c vs. c curves for particles of various shapes 
and consistencies. Solid lines for rigid particles; broken 
lines for flexible particles. The numbers at the lines give 

the k' values: -2.2 spheres; -4.5 rodlets, axis ratio 

1:5;-4.3 rodlets, axis ratio i:i7; -5.2 rodlets, axis 

ratio 1:23; - 1.3 emulsion (o-toluldlne-water); - 0.5 

very soft threads, axis ratio 1:20; - 0.35 soft threads, 

axis ratio i;i4; - 1.3 flexible rodlets, axis ratio 1:20; 

- 3.0 flexible rodlets, axis ratio l:60. 

For the next step we remember that any rodlets, if softened, 
exhibit a less steep slope and a smaller k'; it shows that sqpart from 
the one linear function for rigid rods, there is probably a family of 
presumably straight lines, with slopes decreasing according to the 
rodlets* softness, and leading into the. points of spheres of equal 
consistency. Further, we find a similar behavior if a chain remains 
rigid but becomes increasingly kinked, or if a chain is looped to a 
ring; see also Kramers'calculations (24). Kinking, looping, and soft¬ 
ening together siqierimpose to cause a still further drop in the k* 
values of polymers. 

These features may be summed up in a tentative statement of the 
following regularities: all geometrically similar sh^es of suspended 
particles exert the same type of interaction* (though Guth’s calcu¬ 
lations show that for spheres this is less rigorously true than the 
independence of the intrinsic viscosity on particle size); with the 

^Provided the same degree of Brownian movement. 
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geometry and consistency the interaction changes, but If the geometry 
is altered slowly and in a regular, definite way (extension of rods, 
plates, rings, colls, etc.) the proportionality of the slopes with [ 7 ;]* 
may be ^roximately maintained. Depending on whether the straight 
part of this function intersects at the origin or not, k* may remain 
constant throughout. Even if not, the angle between the linear part 
and connecting lines from its points to the origin may become so small 
as to keep k' practically constant. Eiqpressed differently, on further 
additions of, for example, links to an alrea^ long chain, the deviation 
from geometrical similarity becomes insignificant. 



Fig. 3. 'Slppes" (of %p/c vs. c curves) vs. [tj]* of rigid 
rods of Increasing axls*^ratio (1:5 to 1:32) In model suspen¬ 
sions (measurements In Couette viscometer at low rates of 
shear). Inset shows range near origin on larger scale. 

Line R Is the extension of the lines of the rods. It ter¬ 
minates at s, the point for spheres; T Is the point for the 
toluldlne emulsion. The 3 other lines represent the extra¬ 
polation of those In Figure l. 

INTERACTION AND SOLVENT EFFECTS (25,26) 

It will be seen that this behavior is in agreement with Huggins' 
assumption that k', introduced to correct for deviations of a chain 
segment from Stokes' law, will hold for any additional segment in 
achaln and thus remain independent of the molecular weight. But now 
we are able to give an eiqilanation also for the solvent effect. We have 
stated before that prc^jortionality with [^]* is generally experimen¬ 
tally established and theoretically intelligible: if, namely, all the 
characteristics of a suspended particle which contribute to the 
distortion of flow can be eiqpressed by the intrinsic viscosity as a 
volume per weight, then, if these volumes overlap, any interaction 
shouldbei^proximately multiplicative, i.e., be proportional to [ 77 ] >. 




VISCOSITY-CONCENTRATION EQUATION 425 

The proportionality factor will, however, depend on more than the 
mere volume, namely, also on the structure of the disturbed range. 
Hydrodynamically, this will come in by considerii^ the boundary 
conditions at the surface, and the damping inside the effective 
volume. The greater the surface area and the greater the damping of 
any velocity, the greater will be the interaction per volume or intrinsic 
viscosity. ItfoIlowsthatHuggins'procedureis incomplete and that the 
coefficient of c‘ cannot be defined by the intrinsic viscosity and a 
Stokes' correction factor, b\it must contain afurther interaction factor 
characteristic for each system. 

Actually one type of hydrodynamic interaction will take place 
intramolecularly. It arises from segments of the same chain being 
situated closely enough so as to overlap in their individual effects on 
the flow of the surrounding solvent. This intramolecular close 
£g[>proach is often calledback-coiling, and its effect might be eiqpressed 
by an additional correction factor for a Stokes' type of interaction. 
This factor will also contribute to the intrinsic viscosity and, where 
changing conditions are such as to leave the amount of back-coiling 
constant, as presumably in adding links to an already long chain, 
will remain constant. On the other hand, if the intramolecular 
potentials and distances change as, for example, with the solvent, the 
factor will change. It will be seen that this iidluence of the solvent 
is supplementary to the one proposed by Alfrey, Bartovics, and Mark 
(19). 

How the intramolecular distances affect intermolecular inter¬ 
action beyond the proportionality with [ 77 ]^ can be seen qualitatively 
in the following way.^ Intermolecular interaction consists basically 
inthedisturbanceofflowcreatedbyafirstparticle,being "reflected" 
by another particle and acting back on the originator. The process is 
of course mutual and results in a greater interference with free flow. 
If the reflecting particle is not rigid, the reflection is reduced and 
the disturbance of the first particle can be partially dissipated inside 
the second. This superimposed internal flow will depend on the 
distances and on the relative mobility of the imits that are linked 
together to form a polymer particle. The more solvent there is inside, 
the easier for the disturbance to penetrate. Again, for the same 
average distance much will depend on whether the units can move, or 
are fixed relative to each other or in relation to the coil boundary. 
One can see that the extent of interaction will be largely decided by 
what might be termed a particle opacity to flow superimposed by 
the presence of other particles, just as the intrinsic viscosity is 
determined by a similar opacity or resistance to flow of volume 
elements in the solution. To a certain extent these opacities will be 
connected, but will oppose the effects of changes in the axis ratio of 
one and the same particle. The more the longest dimension and the 
intrinsic viscosity of a coil increase on stretching, the more will its 
effectiveness of "reflection" decrease. Unless, therefore, the mole¬ 
cular opacity can be described as a function of the intrinsic viscosity, 
the concentration equation in any one solvent will not be predictable 
from a knowledge of intrinsic viscosities and k' factors in other 
solvents, and the ratios of ^'s and k's cannot be the same. 

^We apply here the arguments of Guth and Simha (15). 
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A plausible explanation of the changes of k* with solvent follows 
Immediately. If a coil of molecular chain Is brought isothermally 
from apoorer solvent, where van der Wall's forces prevent a random 
configuration (Incomplete Intramolecular evaporation) to an ideal one 
where the coil extends, the decrease in density and a probably 
accompanying increase in internal flexibility will place the particle 
in a different category, not so much as regards the Stokes' correction 
part of k', which will change only if there is a change in solvent 
resistance, but mainly as regards the interaction part of k'. 

The resultant changes in slope and k' can be easily symbolized 
graphically (Fig. 4). Imagine a given slope represented by a point X 
belonging to a value in a series of fractions. On increasing the 

axis ratio in the better solvent, the point would move upwards with the 
intrinsic viscosity, say to Y, but on account of the internal loosening 
will simultaneously drop to the appropriate lower proportionality, say 
to Z. This is equivalent to an increase in slope and a decrease in k'. 



experiments with riKid tods, extrapolated. S, hypothetical 
line for spheres, extended. to Cj, generalized lines for 
a polymer in six solvents, varying from the lowest solubility 


Cl, over poor solubility Cp, and optimal solubility C- In a 
solvating system, to Ideal*solubility Cj. The curve indicat¬ 
ed by the points at the low left-hand corner shows changes In 
k' with molecular weight, to be expected In the monomer-to- 
low-polymer range in an Ideal solution. 

Sometimes the drop may become so great that the sl^e stays 
practically constant. In such cases k'would be proportional to 1 / [v;]*. 
Mostly, though, k' is found to be more nearly proportional to 1/ [ijl, 
i.e., the sieves in different solvents will give a better straight line if 
plotted against [ 17 ] instead of [ 17 ] >. This is illustrated in Figure 5 and 
6 , where the slopes of polystyrene and vinylacetate are plotted against 
Intrinsic viscosities in a wide range of-solvents (27,28). 

The whole argument can, of course, be taken in reverse, i.e., when 
the coiling tg) leaves the particle denser and more rigid, possibly also 
on account of more internal contacts and of forming temporary loops. 
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It is interestingto note, though, that when this increase in density and 
stiffening has reached a certain degree, the particles usually aggregate 
and precipitate. Thisoccursfor the same polymer fraction always at 
the same intrinsic viscosity, regardless of the nature of the solvent 
(precipitant), and also at the same k', as a rule for values between 
0.8 and 1.3. These k'-values are still belowthose of rigid or compact 
particles (e.g., phenol resins 1.5, rigid spheres 1.7-2.2). It indicates 
that solubility is lost when the individual chain segments begin to 
cluster to a definite degree and to form permanent contacts, while 
still retaining an ^preciable amount of solvent, k' values above 2 will 
belongto more-or-less rigid and extended bodies. Still higher values, 
above about k' = 6, ought to be due to two-dimensionally extended part¬ 
icles, i.e., platelets or flakes. In fact, in some soap solutions (flat 
micelles) k' values as high as 10 have been reported (29). 



W [V] 


Fig. 5. 'Slopes" ( of Tjgp/c Fig. 6. 'Slopes" (of rjgp/c vs. c 
vs. c curves) vs. [tj] . very curves) vs. [tj] . Polyvinyl ace- 
hlgh molecular weight poly- tate (M.W. 90,000) In solvents 
styrene. In mixtures of ace- ranging from /j, = 0.38 to ^ = 0.51. 

tone and methylcyclohexane *- 

from 15:85 to 75:25 (precipitation points at 12:88 and 78:22, 
maximum viscosity at 42:58). 


It will be seen that if in a series of homologs the particles change 
from a spheroid to a short rod, then to a kinked short chain, to a long 
and flexible chain, and eventually to a coil, k* will undergo complex 
changes on account of the changing interaction, where it might have 
changed little as hydrodynamic (Stokes') correction factor. The 
possible course of these changes is indicated in Figure 4 Circles), 
Finally, as regards the influence of temperature, it should be 
pointed out that most of the phenomena here considered are relative, 
and affected by temperature in like manner. Consequently, most temp¬ 
erature effects (including the variation of k') are small, unless they 
are due to altered particle solubility and not complicated by changes 
in the degree of orientation. 
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In concluding this section we may remark that the picture here 
developed is undoubtedly still crude and incomqplete. Yet it seems to 
us to focus attention to some a^ects of k', as the first interaction 
constant, which have so far been neglected to the detriment of the 
fiirther progress of understanding. Only after the approach presented 
here will have been put on a more quantitative basis, i^ll it be possible 
to introduce hydrodynamic considerations and refinements profitably. 
Questions of interparticle contacts and associations will have to be 
investigated after this. It may be presumed that they will, as incipient 
effects, contribute to the magnitude and structure of the cubic term; 
where they become a more pronounced phenomenon a conqtletely 
different ^proach will have to be found. 

A NEW APPROACH TO THE FIRST INTERACTION 
COEFnCIENT OF SPHERES 

Throughout this discussion it has become more and more obvious 
that the effect of concentration on the viscosity of a system’of separate 
particles is, in many respects, analogous to that encoimtefed in the 
treatment of intrinsic viscosities of flexible long-chain molecules. In 
both cases the deviations from additivity are due to the interactions 
between the elements making iq) the dispersed system. Thus, in the 
case of concentration effects (where rigid particles are concerned), 
one encoxmters changes in the fluid velocity due to hydrodynamical 
particle-particle interaction, whereas in the rigorous treatment of 
intrinsic viscosity of long-chain molecules one again encounters such 
velocity changes (although the effects are limited to a smaller region 
of space) because of the hydrodynamic interactions of the elements 
making iq) the chain. Where the concentration effect for solutions of 
polymer molecules is concerned, one has a combination of the two 
types of interaction mentioned above, intra and interparticle reaction. 
Significant differences between these two types of problems arise, 
however, because of the presence and absence of constraints limiting 
the positions of the interacting elements in the case of intrinsic 
viscosity as compared to concentration dependence. The existing 
constraints are especially important when one comes to a quantitative 
consideration of these problems. Another important difference refers 
to what is often termed "inter-twining" of polymer chains. 

In general, mathematical physics has not been able to treat cases 
where multiple interaction leads to what can be classed under 
concentration effects. In the few cases where such treatments have 
been made with some success, it has been necessaiy to sacrifice 
rigor, making simplifying assumptions and adapting particular models. 
During the past year, in connection with the intrinsic viscosity of high 
polymers, two treatments have sqjpeared, taking account of Interactions 
between the chain elements. In one of these, by Debye and Bueche 
(8), a simplified model is adopted in which the polymer molecule is 
represented as a system of point forces contained in a porous sphere 
of diameter equal to the root-mean square length of the polymer. The 
distribution of point forces (representing the chain elements) is 
assumed to be uniform, and the effect of the point forces is to modify 
the fluid flow. The modification of flow is then achieved by including 
these forces in the usual hydrodynamic equation of equilibrium. In 
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this way, the almost infinite set of boundary conditions which would 
be needed to solve the usual hydrodynamic equations is dispensed 
with. The resulting problem is then the relatively simple one of 
solving two partial differential equations, that for within the molecular 
sphere andthatfor outside the sphere (usual hydrodynamic equation), 
andadjustingthe constants so that the velocities and stresses across 
the molecular sphere are the same (permeable sphere). A calculation 
of the dissipated energy then completes the prebxem. 

In the second method of treatment, that of Kirkwood and Riseman 
(7) (K.R.), Instead of simplifying the model, a statistical treatment with 
an assumption regarding the size of a fluctuation about a mean density 
is made. Thus, in this treatment, the modern conception of a polymer 
molecule as a flexible chain of elements is retained. The effect of 
retaining this model appears in that the mathematical treatment 
becomes more complex with the appearance of an integral equation 
containing a singular kernel. The mutual influence of the chain 
elements in affecting the flow pattern is taken directly into account, 
with the calculation of an average perturbation of the fluid velocity. 
The average being taken over all configurations of the flexible chain. 
In this respect, the method becomes, in principle, directly applicable 
to the calculation of concentration effects. However, the lack of 
constraints, such as are present between the elements of a single 
chain, makes the resultant problem so much more difficult. Though 
lacking the rigor of the K.R. method, the D.B. method may lend itself 
better to estimating the concentration dependence of such hydrodynam¬ 
ic quantities as viscosity and frictional resistance of a particle. 

Looking back to the D.B. treatment, if the size of the molecular 
sphere is increased indefinitely, we have exactly the case of a solution 
of particles, whose concentration depends on the density distribution 
of the particles. The hydrodynamic effect of each particle has been 
assumed to be replaceable by a point force acting on the fluid. The 
resultant action of allthree forces, then, should yield the flow pattern, 
as affected by the mutual interactions of the actual particles. A 
particular particle in such a system will have, relative to itself, a 
flow pattern due to the action of the density distribution of point 
sources of force, plus that due to the usual boundary conditions of no 
slippage at the particle surface. The above is equivalent to regarding, 
from a hydrodynamic viewpoint, that the concentrated solution is a 
’’new liquid” whose equations of equilibrium differ from the usual 
by the inclusion of ’’damping forces” due to the distribution of point 
sources. A particle in such a ’’new liquid” upon which we focus our 
attention will then be subject to the usual boundary conditions. 

Bueche and Brinkman (30) have independently used this method 
of replacing the large number of particles in a concentrated solution 
by such a system of forces, and have thus extended the Stokes problem 
to the case of higher concentrations. The method of calculation is 
exactly the same as for the single particle problem, except that the 
modified hydrodynamic equation is used. In applying this method to 
calculate the frictional resistance of a long chain molecule, Bueche 
has again, following Debye, represented the polymer molecule by a 
molecular sphere containingthe chain elements distributed uniformly. 
The other polymer molecules in the solution are again replaced by 
point forces. The modified hydrodynamic equations, relating to the 
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flow inside and outside the molecular sphere therefore contain two 
different coefficients, relating to the frictional resistance of the chain 
as a whole. Using similar considerations one should be able to 
calculate the viscosity of a concentrated solution of high polymers. 

The accuracy of such a calculation would depend on the general 
assumption made in the replacement of the boundary conditions by a 
set of point forces, and in addition the assumption inherent in the 
intrinsic viscosity theory of replacing the actual polymer molecule by 
a hypothetical molecular sphere containing a uniform distribution of 
chain elements. 

The treatment of the effect of a particle in perturbing the flow 
lines of the fluid by replacing the actual particle by a point force is 
not new. Thus Burgers (9), using Oseen's method, made a large 
number of hydrodynamic calculations, obtaining the change in the 
fluid velocity by regarding the particle as replaced by a point force 
acting upon a fluid element at some distance from it. However, it is 
physically obvious that the fluid velocity so obtained cannot be better 
than an approximation, the approximation becoming successively 
worse as the distance to the surface of the particle is approached. Thus, 
in the replacement of the large number of particles by a system of 
point forces, one must of necessity accept the fact that the true 
boundary conditions at the particle surface can no longer be obtained. 

Furthermore, when the particles under consideration are of 
large size relative to the molecular dimensions of the solvent the 
question arises whether the influence of the particle can be represented 
simplyby a force, or if, rather, a system of forces and moments are 
necessary to yield an adequate description. Where the particles are 
small (i.e., elements of a polymer chain) the necessity for such a 
representation is obviated. Thus, where large particles are concerned 
the treatment by replacing by a simple force system may be just 
a first-order approximation to the concentration effect. 

To sum up, the Debye treatment may be considered to offer 
essentially a first-order ^proach to the hydrodynamic problem of 
concentration dependence and, in addition, should not be used for the 
entire concentration range. 

Insofar as the Debye method may allow for the treatment of 
concentration effects, and with the view to a possible future applica¬ 
tion in the realm of concentrated polymer solutions (at least in the 
region of not-too-high concentration) we have started to apply this 
methodtothe calculation of the second term in the Einstein viscosity 
formula. For this purpose the two treatments-that of Einstein and 
Debye-have been combined. With Einstein, we consider the general 
motion of the fluid to be made up of translatory, rotatory, and shearing 
parts. The particles in the fluid will partake of the first two motions 
but will act so as to modify the third. Under these circumstances the 
particles, of which there are n per cc., can be considered as fixed in 
a fluid whose motion consists only of the dilatory component. Con¬ 
sidering any arbitrary particle, the flow relative to it is then described 
by the inclusion of a damping term, due to the forces exerted on the 
fluid by the presence of all of the other particles in the fluid. In the 
limit n —^0 this problem reduced to just that of Einstein. The 
solution of the hydrodynamic equations lead to velocities which con¬ 
tain factors 6'^ similar to those obtained in the Debye viscosity 
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theory, and which indicate a very rapid decrease of liquid velocity. 
In addition, the coefficients arising from the boundary conditions 
change from those in Einstein's case in the following maimer: 

Ai = -5/6 AoP’Ay Bi = - Ao/6 P"(l - Py) 

Aj = -5/6 BoP’Ay = - Bo/6 P“{1 - Py) 


Aa = -5/6 CbP^Ay B, = - Cb/6 p'(l - Py) 

where P = radius of particle and Aq, Bq, Cq are constants describing 
the original flow: 

u = AoX V = BjV w = QiZ 


A 


Y 


YP 

e 

1 + yP 


5 

1 + Y 


(■ 




yp 

(1 + Py - e 


-} 


We note that in the limit n—^0 these constants became identical with 
those of Einstein. 

If these constants are used in Einstein equations, to which the 
above equations reduce in the limit, we obtain instead of the Einstein 
results the following: 


(1) Energy dissipated per unit volume: 


W = 26°{1 + Ay(P/ 2 ) 
6® = A® + + Cb® 


cp * Volume fraction of particles 
(2) For the values of the principal dilations of the motion: 

A* = Aod - Aytp) 

6** = A®(1 - Ay<p)® 


(3) For the viscosity: 


n* = 1 


5/2 


taking for f, Stokes values of Gttt^P ; 


Ay^ 


4Ay<P 


9 81 2 

1 4- 4- -(p 

2 16 


n* = 1 + 2.5<p + 10.eq)’® 

It should be emphasized that the values obtained here are approximate. 
An exact calculation for the dissipated energy will be made in the near 
future so that we may be able to compare the viscosity obtained using 
the Debye method with that resulting from e^qieriment. 

It may, however, be taken as an encouraging sign of moving 
in the right direction, that a reasonable result is obtained at the 
first approach. In view of the importance of the viscosity-concentration 
problem and the difficulties involved, the availability of an additional 
possible avenue is quite important. 

CONCLUSIONS 

It will be appreciated that, as stated in the beginning, our 
remarks are not so much intended as a final contribution, but rather 
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as an attempt to stlmiilate further progress In the field. With this in 
view controversial points were not avoided but on the contrary 
emphasized. Nor is it claimed that we have touched all the possible 
issues; rather we have concentrated on those which we feel have been 
so far neglected and should now come under proper review. Not¬ 
withstanding these reservations the following points seem to us 
worth reporting even at this early stage: 

1. k' as introduced by Huggins is not sufficiently defined to 
form a part of the first interaction coefficient. 

2. Most workers so far concerned with k* have attempted to 
endow it with a physical significance which was incompatible with 
the original definition. 

3. Any redefinition will have to take into account that, instead of 
containing a correction factor for the hydrodynamic effectiveness of a 
chain element which answers the definition by Huggins, the coefficient 
of the square term in the concentration has to include at least one 
interaction factor which must be a function of the molecular state in 
solution and does not enter into the linear term, i.e., into the intrinsic 
viscosity. 

4. One of the variables of the molecular state determining k' 
must be the internal mobility of dissolved or suspended particle, 
another one, not necessarily connected, will be its density within the 
volume taken up. 

5. It appears that for a given series of polymer homologs these 
properties are independent of changes in the molecular weight, i.e., 
amount approximately to a constant factor. They have, however, to 
be e7q>ressed by a factor roughly inversely proportional to |r;| 
whenever the solvent changes. 

6. k* appears consequently as a potential measure of the internal 
deformability of a particle and its resistance to solvent penetration. 

7. From the method used by Kirkwood and Riseman, and by 
Debye and Bueche, to calculate Intrinsic viscosities from the hydro- 
dynamic interaction of individual segments, it seems possible to 
calculate concentration effects in solution. Such an attempt is reported 
and preliminary results for spheres are quoted. 
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Synopsis 

During recent years attempts have been made to formulate a vis¬ 
cosity-concentration relationship. The method of Huggins, in introduc¬ 
ing a factor k* as a hydrodynamic correction factor is examined, and in 
particular the attempts to draw conclusions relating k' to the thermo¬ 
dynamic properties of the solution. An ejqplanation is offered to 
correlate the e:qperimental viscosity-concentration relationship and 
the change of solvent. A possible method for the actual calculation of 
concentration effects has been supplied to the case of a suspension of 
spherical particles, for which, as afirst approximation, a value of 10.6 
for the coefficient of the c’ term has been obtained. 


Resume 

Au cours de ces dernieres annees, des essais ont ete faits en 
vue de formuler une relation entre la viscosite et la concentration 
des solutions. La methods de Huggins, qui intrpduit un f^teur k* 
comme corrects hydro<tynamique, est examine, particulierement 
quant aux conclusions qui relient k* aux proprietes thermodynamiques 
de la solution. Les auteurs presentent ime explication, etablissant xme 
relation entre les valeurs e;q>^rimentales de la viscosite et de la 
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concentration d'une part; et le changement de solvant d'autre part. 
Une methode possible pour calculer actuellement les etfets de la 
concentration, a ^te appliquie dans le cas d'une suspension de part- 
icules spheriques, pour lesquelles, en premiere approximation, une 
valeur de 10.6 a ete obtenue pour le confident affectant la concen¬ 
tration au car re (c^). 


Zusammenfassung 

Indenletzten Jahren wurden Versuche imternommen, das Ver- 
haeltnis zwischenViskositaet undKonzentration zu bestimmen. Die 
Huggins'sche Methode, in der ein Faktor k’ als hydronamischer 
Korrektionsfaktor benuetzt wird, und besonders Versuche, von k' 
Rueckschluesse auf die thermodynamischen Eigenschaften der Loe- 
sung zu Ziehen werden kritisch untersucht. Eine Erklaerung der 
gegenseitigen Abhaengigkeit des benuetzten Loesemittels und des 
experimentalen Verhaeltnisses zwischen Viskositaet und Konzen- 
tration wird vorgeschlagen. Eine moegliche Methode fuer das Ber- 
echnen der Konzentrationswirkungen wurde auf den Fall einer Sus¬ 
pension kugelfoermlgerTeilchen angewandt, wo als erste Anaeherung 
der Wert 10.6 fuer dem Koeffizienten des c* Terms erhalten wird. 
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INTRODUCTION 

The suitability of disazodicarboxylates as quantitative cross- 
linking agents for the preparation of rubber vulcanizates of known 
degrees of cross-linKing has been emphasized previously (1,2). In a 
recent p^er (2) we have presented the results of an investigation on 
the dependence of the equilibrium force of retraction on the elongation 
and degree of cross-linking of rubber and GR-S vulcanized with these 
compounds. The present paper reports an extension of these investi¬ 
gations of the relationship of physical properties of rubberlike 
materials to their network structure. Specifically, the tensile strength 
of azo vulcanized natural rubber has been eiqplored as a fimction of 
the degree of cross-linking and of the extent of modification of the 
chain units. 

The tensile strengths of natural rubber specimens vulcanized 
to various extents using sulfur alone or sulfur in conjunction with 
various accelerators have been investigated in considerable detail 
recently by Gee (3) who has emphasized the critical dependence of the 
tensile strength on the oegree of cross-linking. Values for the latter 
quantity, however, were deduced indirectly from the equilibrium force 
of retraction using the simple proportionality relationship between 
force of retraction and degree of cross-linking afforded by the theory 
of rubber elasticity. This relationship is known to be only approxi¬ 
mately valid (2). Furthermore, the effects on the force of retraction 
of chain scission, which doubtless accompanied some of the vulcan¬ 
izations to a considerable degree, were disregarded. For these 
reasons, Gee's values for the degrees of cross-linking occurring 
in his vulcanizates are only jqiproximate estimates, and in a few 
cases they may be seriously in error. Nevertheless, the general 
character of the relationship between tensile strength and degree of 
cross-linking which he obtained is confirmed by our results on 

*Contribution number 159from Goodyear Tire and Rubber, Research 
Laboratory. The investigation described in this paper comprises a 
part of a program of fundamental research on rubber and plastics 
carried out under contract between the Office of Naval Research and 
the Goocfyear Tire and Rubber Company. 

••Present address; Department of Chemistry, Cornell University, 
Ithaca, New York. 

•••Present address; Department of Chemistry, The University of 
Missouri, Columbia, Missouri. 
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rubber samples quantitatively cross>llnked with measuredpr^ortions 
of decamethylene>dis>methyl azodicarboxylate. 

EXPERIMENTAL 

Materials 

The rubber designated as "high molecular weight" consisted of 
pale crepe which had been subjected to 15 passes between mill rolls. 
The Intrinsic viscosity of this rubber in toluene at 30° was 5.5, 
which corresponds to a viscosity average molecular weight of about 
1.1 X 10^ according to the relationship established by Carter, Scott 
and Magat (4). The "low molecular weight" rubber was obtained by 
mastication of pale crepe for 20 minutes on a cold mill with close 
set rolls. Its intrinsic viscosity in toluene at 30° was 1.64, corre> 
spending to a viscosity average molecular weight of about 175,000. 
Number average molecular weights of the two rubbers presumably 
were about 500,000 and 100,000, respectively. 

Stock solutions in benzene were prepared and stored in darkness. 
To obtain the proper consistency for the preparation of films, con¬ 
centrations of about 5% and 10% were chosen for the high and low 
molecular weight materials, respectively. 

Pure decamethylene-dis-methyl azodicarboxylate (referredto 
as "10-1") was used exclusively as the cross-linking agent. It was 
prepared and purified as previously described (1,2). In some of the 
e]q)eriments the analogous monofunctional azo compound, ethyl 
azodicarboi^late (referred to as EAD), was used for the purpose of 
similarly modifying some of the polymer chain units without intro¬ 
ducing cross-linkages. This substance was prq)ared by the method 
of Ingold and Weaver (5). 

Preparation of Vulcanizates 

The 10-1 dlsazo compound dissolved in benzene was mixed 
with the stock solution of rubber in precisely the required proportion 
and films were cast on glass plates in the manner previously described 
(2). It was found advantageous, however, to use a large sheet 
to plate glass without barriers to confine the viscous solution, 
the thickness being controlled merely by the rate of dryii^ after 
pouringthe solution onto the plate. The plate was leveled and heated 
uniformly at 60° for two hours and the vulcanized sheet removed. 
Thicknesses of different sheets varied from about 3 to 11 mils 
(thousandths of an inch), but generally were in the vicinity of 5 mils. 

In agreement with the indications of the force of retraction 
measxtrements (2), heating at this temperature for two hours was 
adequate for conq)letion of the cross-linking reaction; no significant 
change in tensile strength was observed when samples were heated 
for longer periods and, in fact, little change in either tensile strength 
or elongation was noted when the heating period was reduced to one 
hour. 


Determination of Tensile Strength 

A diagram of the apparatus employed for the determination of 
the tensile strength is shown in Figure 1. The method whereby the 
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load Is iqqplied by continuous addition of a liquid, in this case water, 
to a container stqiported by the sample, is a variation of similar 
schemes previously ^lied on various occasions to tensile tests on 
rubber and on fibers. 



Fig. 1. Schematic diagram of the apparatus used for tensile 

strength determinations. The dimensions of the test dumb¬ 
bells are shown in enlarged scale at the lower right. 

Dumbbell specimens of the dimensions shown were cut from the 
sheets. Their thicknesses were measured at intervals over the 
constricted portion using a thickness gage having a dial divided in 0.1 
mil units; interpolations to 0.05 mil appeared to be valid. Samples 
showing appreciable variation of thickness over the mid section of the 
dumbbell were discarded. Weights of rectangular strips cut from the 
mid sections of several dumbbells confirmed the accuracy of the 
thicknesses determined in the above manner. A pair of ink marks 
exactly one-half inch ^art was placed within the uniform section of 
the dumbbell. 

The dumbbells were fastened between small clamps, each 
consisting merely of a pair of aluminum plates on the faces of which 
thin strips of vulcanized riibber were cemented. The end of the test 
specimen was placed between the rubber covered surfaces of the 
plates, which were then fastened to one another with a pair of screws 
running through the plates. The clamp at one end of the sample was 
anchored in fixed position while the clamp attached to the other end 
wasconnectedto a fine copper wire which passed over the pulley and 
to a hook from which a pail could be suspended, as shown in Figure 1. 
The pulley was pivoted with a ball bearing of very low friction. In 
carrying out a determination, the empty pail was attached and gradually 
lowered until its weight was borne by the sample. Water was then 
allowed to flow into the pail at a constant rate while a second operator 
observedthe distance between the marks with a ruler. The length at 
the instant nq>ture occurred was recorded and the pail and water it 
contained were weighed. The tensile strength in pounds per square 
inch initial cross section was computed directly. The elongation, 
e:q;>ressed as percent increase in length over the initial length, was 
obtained in rough approximation only. Tests in which the sample 
broke at apoint^preciably outside the region of uniform section were 
discarded. Such instances were rare. 
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TABIE I. Sample Tensile Strength Data for Two Test Sheets of tl» 
Same Cure (O.JO Bqulvalent ^ lO-l) 


Sheet 

No. 1 

Sheet No. 

2 

Thickness of 

Tensile 

Thickness of 

Tensile 

test piece, 

strength. 

test piece, 

strength. 

mils 

p.s.i. 

mils 

p.s.i. 

It. 5. 

.... 1880 

3.85. 

.1920 

4.9. 

,...1970 

4.75. 

.2200 

4.5. 

... 2140 

5.15. 

.2290 

2.7. 

...2200 

5.35. 

.2510 

5.0. 

... 2290 

5-6. 

.2350 

4.35. 

... 2340 

5.7. 

.2390 

5.4. 

... 2490 

4.8. 

.2410 

4.9. 

... 2520 

5.55. 

.2560 





. 

• • • 



Mean. 

...2278 

Mean. 

.2304 

Av. deviation 


Av. deviation 


from mean ..., 

...-200 

from mean... 

.^113 


RESULTS 

Typical results are given in Tables I and H. The former table 
contains tensile strengths obtained from two sheets separately pre¬ 
pared using the same proportion of the cross-linking agent, namely 0.30 
"equivalent percent" of 10-1; in other words, the proportion of the 
disazo compound employed was sufficient to react with 0.30% of the 
CgHg units in the rubber (i.e., 0.15 mole of 10-1 per 68 g. of rubber).' 
In Table n are given the results of individual tests on vulcanizates 
prepared with 1.00 and 3.00 equivalent percent of 10-1. In each of 
these tables the tensile strengths for a given set are arranged in 
increasing order. Although the tensile strengths are recorded to the 
third significant figure, errors of 15 to 50 p.s.i. in the individual 
determinations are introduced by uncertainties in the sanq>le thick¬ 
nesses alone. 

The results obtained with different sheets pr^ared using the 
same proportion of the vulcanizing agent were found to be in good 
agreement, as is the case for the instance shown in Table I. Hence, 
results from two or more sheets of the same cxire are not differ¬ 
entiated in subsequent tables. Examination of Tables I and n shows 
that variations in thickness are unimportant. In subsequent tables 
the thickness of the test piece has not been recorded. As stated 
above, however, test sheets usually were close to 5 mils in thickness. 

Principal results of tensile tests on the higdt molecular weight 
rubber are summarized in Table m. In most Instances, two or more 

'The "equivalent percentages" used throughout this paper correspond 
to /»X 100 of the earlier p{q;>er (2). 
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separate sheets were vulcanized with the same proportion of 10>1 and 
test samples were taken from each of them. Results obtained on high 
molecular wei^ rubber vulcanized with 10-1 and modified with EAD 
(ethyl azodicarbozylate) are similarly presented in Table IV. Data 
shown for zero percentages of EAD have been taken from Table HI. 
Table V presents the tensile results for the low molecular weight 
rubber T^canized with various proportions of 10-1. Average 
deviations from the mean and root-mean-square deviations (or 
standard deviations) o* are given in the last two columns, respectively, 
of Tables m, IV and V. 


table II. Bangle Teasile Strength Data for Two Different Cures 


Thickness, 

T.S., 

Thickness, 


Thickness, 

T.S., 

rails 

p.s.i. 

mils 


mils 

p.s.i. 



1.00 Equivalent ^ of 

10-1 


9.4 ... 

2520 

5.5.... 

5060 

5 - 45 ... 

3190 

9.4 ... 

2560 

6 . 4 .... 

5070 

11.4 .... 

5210 

5 - 9 ... 

2600 

5.15... 

3080 

5.75... 

3240 

10.3 ... 

2710 

5.8.... 

3090 

5.5.... 

3270 

4.6 ... 

2740 

10.2 _ 

5100 

7.3 .... 

5280 

4.35 .. 

2820 

9.9.... 

3120 

5.1 .... 

3520 

4.5 ... 

2960 

5.15 ... 

3120 

5.5 .... 

3360 

5.0 ... 

2990 

4.45 ... 

5140 

5.25 ... 

3430 

3.85 .. 

3000 

4.9.... 

5140 

5.15 ... 

5500 

10.6 ... 

5000 

8.2.... 

3160 

5.25 ... 

5660 

5.75 .. 

5060 

7.8 .... 

5180 

7.4 .... 

3680 


Average deviation from mean; 

^200 p.s.i. 



Ultimate elongation: 68 C 

• - 1 ^ 



5.00 Equivalent $ of 10-1 


5.5 ... 

1650 

3.25 ... 2040 

3.2_ 

2120 

3.25 .. 

1800 

5.8_ 2040 

3*5 • • • • 

2250 

3.3 ... 

1810 

2.6_ 2050 

2.6 .... 

2260 

4.15 .. 

i860 

7.2_ 2050 

2.8 — 

2270 

3.4 ... 

1870 

3.7- 2070 

5.3 .... 

2290 

4.05 .. 

1920 

5.25 ... 2080 

3. ^ • • •. 

2350 

6.1 ... 

1920 

3.55 ... 2080 




Average deviation from mean: 

-143 p.s.i. 



Ultimate elongation: 400110^6 


Average tensile strengths from Tables m, IV and V are plotted 
in Figure 2 against the equivalent percentage of the cross-linking 
agent. Open circles refer to the high molecular weight rubber treated 
with 10-1 alone, and the solid circles to the vulcanlzates prepared 
from the low molecular weight rubber. The circles with crosses 
represent the first set of results given in Table IV; ordinates for 
thesepoints cor respond to the combined percentages of 10-1 and EAD. 

It is immediately evident that marked modification of the rubber 
by incorporation of ethyl azodicarboi^late depresses the tensile 
strength very little. In fact, if the EAD adduct is considered to be 
ah inert constituent and the tensile strengths are corrected according- 
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ly tothecross-sectlonofthesampledevoldof the EAD modified units, 
the decrease in the corrected tensile strength is only about 200 p.s.i. 
for 7% modification. The marked diminution in tensile strength for 
higher proportions of 10-1 (alone) must therrforebe attributed directly 
to the high degree of cross-linking and not to the secondary effect of 
modification of the structural units such that they are no longer able 
to fit into the crystal lattice characteristic of the cis-isoprene polymer 
unit. The ultimate elongation is not affected appreciably by addition 
of EAD. 

TABUt III. Average Tensile Strengths and Elongations for High 
Molecular Weight Rubber Cross-linked to Various 
Extents 


Kquiv. 
i of 
10-1 

No. of 
test 
samples 

Average 

liltimate 

elongation, 

V 

Average 

T.S., 

p.s.i. 

Mean 

deviation, 

± p.s.i. 

Boot-mean- 
square 
deviation, o 

p.s.i. 

0.10 

9 

1000(^50) 

920 

204 

222 

0.20 

10 

940 (- 20 ) 

1774 

177 

194 

0.30 

17 

920 (^ 30 ) 

2288 

167 

211 

0.40 

13 

850(^20) 

2846 

184 

251 

0.50 

24 

830 (- 20 ) 

2892 

171 

209 

1.00 

33 

680 (- 15 ) 

3102 

200 

272 

1.50 

17 

570 (- 25 ) 

2924 

200 

252 

2.00 

17 

490 (- 15 ) 

2655 

245 

288 

2.50 

11 

440 (- 10 ) 

2353 

211 

250 

3.00 

20 

400 (- 10 ) 

2038 

145 

181 

3.20 

10 

350(-10) 

1487 

133 

171 

5.50 

14 

280 (- 25 ) 

968 

202 

242 

4.00 

16 

250 (- 35 ) 

848 

222 

265 

6.00 

15 

130 (^ 15 ) 

554 

47 

59 

8.00 

13 

, 90 (- 15 ) 

655 

72 

79 


"Figures in parentheses represent approximate mean deviations of 
the individual elongation measurements. 

Incorporation of EAD in vulcanizates containing less than the 
q;>timum proportion (about one equivalent percent) of 10-1 raises the 
tensile strength significantly. (See the data in the lower portion of 
Table IF). In the total absence of 10-1, one equivalent percent of 
EAD yielded a "vulcanizate” exhibiting measurable tensile strength. 
Films prepared without addition of either 10-1 or EAD were too weak 
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TABIS IV. Tensile Strengths of Vulcanlzates Modified vith Kthyl 
Azodicarboxylate (EAD) 


Eauiv. Equiv. 
of of 

10-1 EAD 

No. of 
test 
sajnples 

Average 

ultimate 

elongation, 

Average 

T.S., 

p.s.i. 

Mean 

deviation, 
+ p.s.i. 

Root-mean- 
square 
deviation, 

0, p.s.i. 

1.00 

0 

53 

680 (^ 15 ) 

3102 

200 

272 

1.00 

1.0 

12 

650(-10) 

299 *^ 

258 

284 

1.00 

2.2 

9 

655 {- 10 ) 

2821 

172 

177 

1.00 

k.O 

15 

650(-10) 

2755 

160 

219 

1.00 

7.0 

10 

670(-10) 

2I+0I+ 

175 

215 

0.50 

0 

2k 

850(-20) 

2892 

171 

209 

0 50 

0.50 

25 

805(-20) 

2920 

287 

524 

0.50 

0 

17 

915 (- 30 ) 

2288 

167 

211 

0.30 

0.70 

28 

895 (- 15 ) 

2605 

173 

208 

0 

1.00 

10 

1275 (- 70 ) 

450 

76 

85 


TABLE V. Average Tensile Strengths and Elongations for Low Mole¬ 
cular Weight Rubber Cross-Linked to Various Extents 


Equiv. 
^ of 
10-1 

No. of 
test 
samples 

Average 

ultimate 

eloT^ation, 

Average 

T.S., 

p.s.i. 

Mean 

deviation, 
t p.s.i. 

Root-mean- 
square 

deviation, 0 

p.s.i. 

0.50 

16 

1080 (^ 35 ) 

909 

119 

135 

0.40 

16 

970 (- 25 ) 

1505 

173 

195 

0.50 

16 

890 (- 15 ) 

1678 

185 

222 

0.70 

Ik 

800 (- 20 ) 

2195 

170 

207 

1.00 

33 

690 (- 20 ) 

2376 

236 

281 

1.50 

14 

630 (^ 15 ) 

2490 

148 

174 

1.50 

11 

580 (tl 5 ) 

2563 

174 

248 

1.60 

20 

590 (^ 15 ) 

2550 

266 

313 

1.80 

12 

530(-10) 

2212 

144 

170 

2.00 

7 

500(-10) 

1805 

62 

74 


®Figures in parentheses represent approximate mean deviations of 
the individual elongation measurements. 
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to be removed from the glass plate on which they were prepared. That 
the BAD "vulcanizate” was not cross-linked by primary valence 
bonds in clearly shown by the fact that it dissolved readily in solvents 
such as benzene and chloroform. Evidently the strongly polar l^drazo- 
dicarboxylate substituents on the polymer chains are capable of 
interacting sufficiently strongly with one another to enhance the 
effective deg .-ee of cross-linking in tensile measurements. Further 
evidence that :hese secondary bonds are readily broken in the presence 
of solvents is found in the observation that incorporation of BAD does 
not markedly alter the force of retraction of the vulcanizate at 100% 
elongation, provided that the stretched sample is equilibrated by 
temporarily swelling with solvent. 



Fig. 2. Tensile strength, in pounds 
per square inch referred to the in¬ 
itial cross section, plotted against 
the equivalent percentage ('p x 100) 
of cross-linked units, o, high mole¬ 
cular weight rubber (Table III); la. 
high molecular weight rubber vulcan¬ 
ized with 1.00 equivalent % of 10-1 plus varying amounts of BAD, the 
ordinate representing the combined percentage of azo compounds; •, 
low molecular weight rubber (Table V). 

Throughout the tables, and in Figure 2 as well, the tensile 
strength is referred to the cross section of the sample before defor¬ 
mation. It is sometimes preferred to express the tensile strength in 
units referring to the cross section of the sample at rupture. The latter 
tensile strength, or "tensile product" as it has been called, is obtained 
by multiplying the former tensile strength by the relative length ratio 
at break. Tensile products for the low and high molecular weight 
rubbersvulcanizedwith 10-1 alone are shown in Figure 3 as functions 
of the degree of cross-linking. The maxima in the tensile product 
curves occur at lower elongations. A break in the curve for the high 
molecular weightrubber is indicated at an equivalent percent value of 
3.0. Although the reality of this discontinuity is not definitely estab¬ 
lished, it is possible that it may represent the degree of cross-linking 
above which crystallization does not occur on stretching under the 
conditions of our experiments (cf. seq.). 

The dependence of the tensile strength of vulcanized rubber on 
the degree of cross-linking exhibited in Figures 2 and 3 is in quali¬ 
tative agreement with the results deduced by Gee (3). Significant 
differences are evident, however, on careful comparison. The 
maxima in Gee’s curves for rubbers cured with sulfur and an 


Fig. 3. Tensile strengths re¬ 
ferred to the cross section at 
break tor the high (0) and low 
(•) molecular weight vulcani- 
zates plotted against the de¬ 
gree of cross-linking. 
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accelerator (other than those cured using tetramethylthluram disul¬ 
fide)^ occur at degrees of cross-linking in the range from 1.1 to 
1.4 equivalent per cent of cross linked units, which is appreciably 
beyond the location of the maximum shown in Figure 3 for azo 
vulcanized rubber of high molecular weight, but only slightly beyond 
that for the low molecular weight rubber vulcanizates. Our results 
indicate a broader range over which the tensile product assumes 
high values, and, in particular, the development of appreciable tensile 
strength sets in at lower degrees of cross-linking. These differences 
betweenour results and those of Gee probably arise from inaccuracies 
in the statistical theory of rubber elasticity on the basis of which 
Gee's values for the degree of cross-linking were calculated. Observed 
forces of retraction for low vulcanizates of known degrees of cross- 
linking are appreciably greater than the values calculated from theory 
(?,6). The fact that our maximum tensile strengths are lower than 
those obtained by Gee and others may not be significant in view of the 
vast difference in testing procedures and the difference in dimensions 
of the test pieces. 


DISCUSSION 

Statistical Analysis Data 

Mean deviations given in the next to the last columns of Table ni, 
IV andV are similar in magnitude for all vulcanizates excepting those 
for which the tensile strength is quite low. In fact, among all 
vulcanizates for which the tensile strength exceeds 2000 p.s.i. the 
variations in the mean deviations recorded in Tables in, IV and V are 
of the magnitude to be e}q>ected for sets of 10 to 20 observations (7), 
assuming that the same probable error of a single observations applies 
to all sets. Since this assumption appears to be justified, it is 
permissible to combine the deviations for individual tests on various 
vulcanizates and thus obtain a set of deviations sufficiently large for 
statistical analysis.^ Accordingly, deviations for all Individual tests 
on samples prepared from the high molecular weight rubber using 
from 0.30 to 3.0 equivalent percent of 10-1 (Table m), and including 
also the vulcanizates prepared using EAD in addition to 10-1 (Table 
IV),* were combined. The resulting set is comprised of 262 deviations^ 

‘Compare the curves shown in Figure 3 of this paper with curves C, 
D, and E of Figure 5 of reference 3. 

®The deviations from the means for measurements on 205 different 
rubber vulcanizates were combined in this manner by O. L. Davies and 
S. Horrobin, Trans. Inst. Rubber Ind.. 12. 85 (1936). In most cases 
sixtests were performed on each sample, but some were represented 
by fewer tests. With such small numbers of individual tests on each 
specimen, the combined set of deviations will not be accurately 
representative of the actual deviations from the true mean values 
(see above). 

*Mean deviations for the thirteen tests conducted on a vulcanizate not 
reported in Tables m and IV were also included in the combined set 
of 262 deviations. This sample was prepared using 0.8 equivalent % 
of 10-1 and 0.2 equivalent % of EAD. Tests on the low molecular 
weight rubber vulcanizates for which the mean tensile strength 
exceeded about 2000p.s.i. might also have been included but were not. 
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each of a^ch represents the difference between the observed tensile 
strength for an individual test and the average for all tests on the 
same cure. Owing to statistical errors in the values for these averages, 
the combined set of deviations may be e]q)ected to cover a slightly 
narrower range than would have been obtained for an equal number 
of individual tests on the same vulcanizate. The error from this 
source should be small since the number of tests at each cure was 
large enough to reduce the probable error of the mean for that cure 
to a fairly low figure. The mean deviation for the combined set of 
262 deviations was 201 p.s.i., the standard deviation was 248 p.s.i. 
The number of tests for which the deviation falls within each 100 p.s.i. 
interval is plotted in Figure 4 against the location of the interval 
(e.g., the number of deviations for the interval -300 to -200 p.s.i. is 
represented by a point located at -250alongthe abscissa). The curve 
drawn in the figure represents the Gaussian error function for which 
the standard deviation is that observed for the combined set (i.e., 
248 p.s.i.^ Close agreement between the observed points and the 
error function is evident. 

A somewhat better comparison of the same data with the 
Gaussian function is afforded by the "probability p^er" plot shown 
in Figure 5. The plot is linear within experimental error throughout 
most of the range, with some suggestion of small departures at the 
extremities (see also Figure 4). Thus, there is a slightly greater 
incidenceof very large negative deviations than the Gaussian function 
would predict, and the incidence of very large positive deviations 
appears to be too small. However, omission of two or three of the 
observations in which extreme deviations were observed would elimin¬ 
ate this evidencefor asymmetry. Onthewholethe deviations from the 
mean are remarkably well represented by the Gaussian function, the 
apparent skew character at the extremities being indecisive. 

In Table VI results of other investigations (8—10) on the 
distribution of deviations in tensile strength measurements are 
summarized. In general the distribution is approximately Gaussian, 
although previous results do not yield as close agreement with the 
Gaussian function as has been found to be the case for the tests reported 
here. An excessive number of very low values occurs and a slight 
deficiency for large positive deviations seems indicated. Thepresence 
oftheformer may readily arise from unobserved flaws In a few of the 
sanq;>les. On the other hand, Braendle and Wiegand (9), using a 
vulcanlzatewhichpresumably contained a small proportion of carbon 
black, found a markedly skew distribution which cannot be approxi¬ 
mated by the Gaussian function. 

The view has often been advanced that rupture of the tensile 
test specimen is initiated invariably at spurious flaws in the test piece. 


*In calculating the curve shown in Figure 4, the modulus of precision 
h in the Gaussian error function: 

y = (h/n^'“ )exp{-ij*(j®) 

where y is the frequency of occurrence of deviations per unit interval 
at deviation d, has been assigned the value; 

h » (l/af/IT 

where ^ is the observed standard deviation, i.e., 248 p.s.i. 
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and that the result of a given test merely records the "weakest link" 
in the series of flaws (of whatever origin) along the length of the 
^ecimen. The "truetensile strength", according to this hypothesis, 
may never actually be realized owing to the intercession of theflawa 
The highest observation would therefore represent the closest 
£^proach to the "true tensile strength." Proceeding from this 
concept, it has been common practice to average three measurements 
which are within 10% of the highest value of the set (11), or to other¬ 
wise favor the higher observations,^ 



Fig. 4. Distribution of combined Fig, 5. Probability paper plot 

deviations from the mean for all of the combined deviations from 

tests at 14 different cures. Each the mean. 

point represents the number of 

deviations falling within a 100 

p.s.i. Interval. 

A statistical analysis of the weakest link hypothesis has recently 
been published by Epstein (12), who shows that a Gaussian (sym¬ 
metrical) distribution of strength measurements scarcely can be 
expected on this basis. Furthermore, the average tensile strength 
should depend on the dimensions of the test piece. Observed results 
are at variance with these predictions. Not only is the distribution 
of deviations quite accurately Gaussian under favorable conditions as 
noted above, but the standard deviations appear to be remarkably 
uniform for a variety of test conditions including the fifty-fold 
difference in cross-sectional area of our test pieces as compared 
with those used in the other investigations. The weakest link hypo¬ 
thesis quite clearly is inapplicable to vulcanized rubber. These facts, 
in conjunction with the perhaps equally significant approximate 
constancy of the standard deviation for a wide range in vulcanizate 
structure (See Tables m and V), should be givenforemost consideration 
in any attempt to formulate an acceptable structural theory of tenacity 
in such materials. 

Entirely apart from theoretical considerations pertaining to the 
nature of the phenomenon of rupture \mder stress, the fact that the 
deviations from the mean assume the Gaussian form invalidates 

*The fallacy in these practices has been discussed recently by J. M. 
Buist and O. L. Davies, India Rubber J., UY, 447-52,454 (1947). 
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arbitrary selection of the test measurements to be averaged. Rejection 
of values far from the mean, including very high as well as very low 
values, may be justified, however. ^ For example, Davies and Horrobin 
(8) suggested that from a set of five or more observations any which 
are outside the range -f? c may be rejected. Bias resulting from 
conventional arbitrary selection of the test values has been discussed 
by Buist and Davies (13). 

The probable error for a single observation when the Gaussian 
function is obeyed being 0.675 o-, the probable error applying to the 
bulk of our measurements (samples of low tensile stren^h excepted) 
is 167 p.s.i.. The probable error in the mean of n observations is 
given by 0.675 er/n*/®. Ten or more tests were made for each cure, 
hence the prob^le errors in the average tensile strengths given in 
Tables m, IV and V are about 80 p.s.i., or less. This degree of 
precision is confirmed by the consistency of the results plotted in 
Figure 2. 


Tensile Strength in Relation to Network Structure 

The critical dependence of tensile strength on crystallization 
of stretched rubberlike materials has often been emphasized. 
Recently, correlations of tensile strength with the network structure 
of the vulcanizate have been attempted through consideration of the 
factors affecting crystallization on stretching (3,6). The relationship 
of the tensile strength of butyl rubber to the molecular weight before 
cross-linking (primary molecular weight) has been accoimted for 
semi-quantitatively from this point of view (6). It was shown that the 
tensile strength at fixed degree of cross linking increases approxi¬ 
mately linearly with the fraction of the structure which is permanently 
oriented by stretching. This fraction, representing the portion of the 
polymer occurring in chains bounded at both ends by cross-linkages, 
is ^ven by: 

= 1 - 2Mc/(M + Mg) (1) 

where Mis the primary molecular weight (the number average should 
be used), and is the weight per mole of cross-linked units. 

Mp = 68/p 

where p is the fraction of the isoprene units involved in cross-linkages. 
(100 p equals the equivalent percentage of 10-1). Equation 1 may be 
r^laced by: 

*A " (2) 

= 1 - 2/px„ (2') 

where Xj^ r^resents the number average degree of polymerization of 
the primary molecules. 

The Investigation on butyl nibber (6) was largely confined to 
the influence of primary molecular weight on tensile strength, with 
limited results bearing on the effect of the degree of cross- linking . 
The bulk of the results were obtained at a fixed degree of cross- 

^The criterion of Chauvenet for rejection of single observations from 
a set is of interest in this connection; see A. G. Worthing and J. Geffner, 
"Treatment of Eiqperimental Data." Wiley, New York 1943, p. 171. 
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linking corresponding to a ^ value of 0.16 x 10“*. In view of the two 
chain atoms in the isobutyleneimit compared with four for the Isoprene 
unit in rubber, a figure twice this one should perhaps be employed in 
drawing comparisons with the present results. Even with this alter- 
ation, such a comparison would place the princU>al set of results on 
butyl rubber in the region well to the left of the maximum in the plot 
of tensile strength vs. the degree of cross-linking shown for the high 
molecular weight rubber in Figure 2. Tensile strei^hs of butyl 
polymers at about twice this degree of cross-linking ( p about 0.25 
X 10'^) were lower, however. Thus, it is indicated that the correspon¬ 
ding m axim u m in the curve for butyl rubber occurs at a very low 
degree of cross-linking. 

In contrast to the previously reported study of vulcanized butyl 
rubber, the present results are largely confined to the Influence of 
the degree of cross-linking on tensile strength with only meager 
results bearing on the role of primary molecular weight. For degrees 
of cross-linking ip to the regions of the maxima, the tensile strength 
curves shown in Figure 2 for the low and the high molecular weight 
rubbers are related to one another in the pproximate manner to be 
epected on the assunption that the tensile strength is primarily 
dependent on the weight fraction wa of "active" network as given by 
equations 1 and 2. In order to attain the same tensile strength, the 
low molecular weight rubber must be cross linked to about three 
times the extent required for the high molecular weight rubber over 
this range. Thus, if the primary molecular weight of the latter is 
assumed to be three times that of the former, roughly the same 
tensile strength is obtained for the two rubbers when Mc/M, and hence 
WA of equations 1 and 2, has the same value for each. The viscosity 
average molecular weights of the two rubbers (see below) indicated 
aprobable ratio for the primary molecular weights of about five. The 
difference betweenthe effective molecular weights for the two rubbers 
may have been narrowed somewhat by the occurrence of chain scission 
to a small extent during preparation of the vulcanizates. While this 
possible complication precludes quantitative verification of the direct 
dependence of the tensile strength on the fraction wa of the network 
structure which is permanently oriented by stretching, the results 
indicate that this factor is of dominant importance throughout the 
region of low degrees of cross-linking prece^ng the maximum in the 
curve. The precipitous rise in the tensile strength with degree of 
cross-linking in this range provides further conformation for this 
conclusion, since wa increases rapidly with p for small values of the 
latter. 

The occurrence of a maximum in the tensile strength vs. degree 
of cross-linking curve and the subsequent decrease in tensile strength 
for higher extents of vulcanization seem to be related to the diminished 
ultimate orientation which is attained as the degree of cross linking is 
increased. It is well known that crystallization sets in at a lower 
elongation the higher the degree of cross-linking. A recent theoretical 
treatment (14) of crystallization in stretched rubber Indicates that the 
critical elongation for incipient crystallization (at equilibrium at a 
given temperature) should vary approximately as the inverse square 
root of the degree of cross-linking; i.e., directly as the square root 
of the average length of a chain between cross-linkages. In effect, 
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then, the higher the degree of cross>liiiking the lower the elongation 
at irtilch some of the chains become sufficiently oriented to undergo 
crystallization. Such crystallization Increases the effective degree 
of cross-linking (14) of the chains Involved and consequently the degree 
of ciystalllnity Increases more rapidly with further elongation of the 
sample. The ultimate degree of crystallinity Is r^ldly attained, the 
retractive force rises steeply and nqiture occurs at an elongation 
which may be related, qualitatively at least, to the elongation for 
Incipient crystallization. Therefore, as the degree of cross-linking 
increases, both the elongation for Incipient crystallization and the 
ultimate elongation decrease in roughly parallel fashion. 

The relationship between the orientation of the network structure 
andthe elongation may be approached from consideration of the action 
of an elongation on the set of "chain displacement" vectors, each erf 
which leads from one cross-linkage to the next along the same chain. 
On stretching the sample, this set of vectors is distorted from a 
spherical to an ellipsoidal array. If the sample is stretched to the 
relative length <r , it is readily shown that the fraction of the vectors 
elongated by the factor k or greater is given by: 

= 1 - [(K*a - l)/(a“ - n]*'* (3) 

which function only gradually approaches until with increase in a for 
a given value of K = 1. It is to be noted that f^ is independent of the 
degree of cross-linking. Only those chains which are sufficiently 
oriented and elongated (the processes of orientation and elongation 
being mutually related) are potentially capable of participating in the 
formation of crystallites. The fraction of the chains meeting this 
requirement clearly will depend sharply on a . Hence, an increase 
in the degree of cross-linking lowers the elongation at which some 
of the structure may crystallize, but the fraction which is sufficiently 
oriented to participate in the formation of crystallites, even at the 
breaking elongation, is diminished^ According to the hypothesis that 
tensile strength is directly related to the fraction of the structure 
oriented sufficiently to allow it to participate in the formation of crys¬ 
tallites, the tensile strength should exhibit a corresponding decrease as 
the degree of cross-linking is increased, in accordance with observa¬ 
tion at degrees of cross-linking beyond the maximum in the curve. 

The increase in the tensile strength which accompanies rise in 
testing temperature up to idx>ut 100°C. according to certain results 
(15) cited by Gee (3) also may be ejqplained on the basis of the above 
considerations. In accordance with the conclusion reached by Gee in 
this connection, an increase in temperature shifts the onset of crystal¬ 
lization to a higher elongation where a larger fraction of the chains 
are sufficiently oriented to undergo crystallization. Ultimate elonga¬ 
tions were observed (15) to increase with the temperature also. 

At higher degrees of cross-linking (i.e., beyond px 100 s 3.0 
for the high molecular weight rubber) rupt\ire presumably occurs 
before the onset of crystallization. In these higher vulcanizates the 

^The deformation of the residual noncrystalline polymer between 
incipient crystallization and ultimate rupture of the sample introduces 
a complication not considered above. The discussion given is intended 
to be qualitative only. 
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force of retraction rises rapidly with elongation in accordance with 
the theory of ruUt>er elasticity (in the absence of cryirtalliz^on) and 
may exceed the inherent strength of the mateilal before it Is rein> 
forced by crystallization. This idea, mentioned previously by one 
of the authors (6), has been developed in considerable detail by Gee 
(3) who suggests it as the major factor res^nsible for the decline 
in the tensile strength beyond the qptimum degree of cross-linking. 
In our opinion, however, it assumes Importance only under conditions 
such that the observed tensile strength is very low, e.g., at degrees 
of cross-linking well beyond the maximum in the tensile strength 
curve, for very low primary molecular weights, or at temperatures 
(or dilutions) such that the tensile strength is only a few him^ed 
poundsper square inch. The steep decline occurring near p xlOO s 3.0 
in the curve shown in Figure 2, and the corresponding intimation of 
a break in the curve of Figure 3, may be indicative of the degree of 
cross-linking beyond which crystallization on stretching vanishes. 

Effects of Foreign Units on Tensile Strength 

The results obtained with the ethyl azodicarboxylate modified 
vulcanizates (Table IV; also shown in Figure 2) demonstrate that 
modification of tg> to 7% of the isoprene units with a substituent which 
is three times the size of the isc^renetmit reduces the tensile strength 
relatively little. Previous enq)hasis (3,6) on the influence of small 
percentages of foreign units on the crystallinity and hence on the 
tensile strength appears to be unwarranted. Some other esqplanation 
is required for the decrease in tensile strength of vulcanizates from 
butyl rubber having 1.0 or more mole per cent of diolefin as compared 
with vulcanizates from butyl polymers having half this prqportion of 
the unsaturated unit (6). Likewise, it now appears highly unlikely that 
thetensilestrengthof rubber vulca^zed with sulfur and an accelerator 
is materially affected either by cyclization or by non-cross-linking 
reactions with sulfur, as has been suggested by Gee (3). 

According to recent investigations into the nature of crystal¬ 
lization in polymers and copolymers, (16,17) introduction of foreign 
units at random along the polymer chain will lower the temperature 
for incipient crystallization, or "meltingpoint”, but a large depression 
requires a correspondingly large proportion of the foreign unit; the 
effect of the foreign units in the polymer chain resembles that of an 
impurity on the melting point of a monomeric substance. The degree 
of crystallinity at a given temperature below the melting point is 
siq>pressed to a somewhat greater extent. The most decisive effect 
of an occasional foreign unit which is incsqpable of entering the crystal 
lattice is the limitation of the lengths of the crystallites which may be 
formed. In the light of these considerations, the observed behavior of 
the EAD modified vulcanizates su^ests that crystallites of great 
length are unnecessary for the realization of high tensile strength, and, 
furthermore, that the actual degree of crystallinity is not of direct 
importance. Thecrystallitespresumably enhance the tensile strength 
by "cementing" adjacent chains together laterally at various regions 
alongtheir lengths. Ai^roximately the same tensile strength appar¬ 
ently may be achieved through the participation of each chain of the 
cqpolymer (i.e., partially modified polymer) in a number of shorter 
crystalline regions as through the presence of a fewer number of 
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long crystallites in the unmodified polymer. Accordingto the present 
results this remains true despite Uie much smaller degree of 
crystallinity to be ejected in the copolymer. Hence, it is the fraction 
of the chains of the network structure which are incbced to enter into 
crystallite formation at one or more regions along their lengths which 
is important, rather than the actual* degree of crystallinity. At 
sufficiently high degrees of modification of the chain units, the tensile 
strength may fall to a low value owing principally to depression of the 
melting point to the extent that little or no crystallization occurs on 
stretching. 

The above conclusions are corroborated by the rather small 
effect of random copolymerization on the tensile strengths of high 
melting oriented polyamide and polyester fibers (18). Although the 
tensile strength generally decreases somewhat with increasing 
proportions of the comonomer, the edacity for exhibition of high 
tensile strengths by no means destroyed even in 1:1 random copoly¬ 
mers. The residual elongation of the fully drafted fibers is appreciably 
increased by copolymerization, however. 

Over-Cure and Ageing in Rubber Vulcanized with Sulfur 
and Accelerators 

When the curing period is prolonged in the conventional vulcani¬ 
zation of rubber, or If the vulcanizate is heat aged, the tensile strength 
passes through a maximum beyond which it decreases with fiurther 
heating. In the light of the above results, this decrease in tensile 
strength, commonly referred to as "overcure, *' cannot be attributed 
to modification of the chain units as suggested by Gee (3). The 
continued formation of cross-linkages or the occurrence of chain 
scission (or both) would, however, explain the observed decrease. 

The "modulus," or force of retraction, of many compounds 
similarly passes through a maximum and then declines with further 
heating. According to the theory of rubber elastipity, the equilibrium 
force of retraction should be proportional to (19) 

(1 - 2M/Mc) (1 - 2/pXn) 

The so-called phenomenon of "reversion" of the cure may therefore 
be due either to npture of previously formed cross-linkages (a 
decrease in p), or to chain scission which causes M, and x,|, to 
decrease. Simultaneous decreases in both tensile strength and 
"modulus" of highly cross-linked vulcanizates (i.e., beyond the 
maximum in Figure 2) indicates unambiguously, therefore, that chain 
scission takes place. Other changes, such as a decrease or increase 
in the degree of cross-linking, may of course occur simultaneously. 
It is to be noted that the elastic modulus and the tensile strength are 
affected differently by variation in Xn, this being evident from the 
above expression and the discussion gdven in the preceding sections. 
Hence, characterization of the nibber by its force of retraction alone 
is Inadequate. 

Gee (3) has shown that two vulcanizates prepared from different 
compounds but cured for times such that they exhibit the same force 
of retraction at a given elongation will generally exhibit quite different 
tensile strengths. The lack of a direct correlation between tensile 
strength and modulus for rubber specimens vulcanized with different 
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accelerators seemstobe general, and it again points to the occurrence 
of differing degrees of chain scission. 

While quantitative results are as yet quite limited, it Is now 
clearly indicated that the apparently irrational dependence erf various 
physical properties of vulcanized rubber on the complexities of the 
recipe and time of cure can be resolved logically in terms erf two 
extremely simple structure variables; the degree of cross>linking 
and the primary molecular weight. A third variable, the degree erf 
modification of the chain units, now appears to be of trivial importance, 
at least insofar as tensile strength is concerned. 
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Synopsis 

Tensile strengths of natural rubber samples quantitatively cross- 
linked with decamethylenedis-methyl azodicarbojqrlate have been de¬ 
termined. The prq[>ortion of the azo vulcanizing agent was varied 
80-fold, the fraction p of cross-linked units in the products ranging from 
O.lOx 10'* to 8.0 X 10'*. In spite of the small dimensions of the test 
specimen (cross section 0.10in. by about 0.005 in.), the average error 
for a single observation is similar to that obtained in conventional 
testing procedures applied to specimens vulcanized with sulfmr and 
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accelerators. Deviations from the mean for 262 tests on 15 different 
cures are well represented by a Gaussian error function; a slight 
intimation of skewness is evident only at the extremities of the 
distrlbtuion of deviations. These results are incompatible with the 
commonly held view that nq)ture of the sample takes place at the 
"weakest link" in the series of flaws inevitably occurring along the 
^ecimen. R would appear that the ability to withstand tensile stress 
(vplied in a i^ecified manner) is an inherent characteristic of the bulk 
material. The rapid increase in tensile strength with the degree of 
crosslinking p for small values of this quantity is consistent with the 
conclusion, previously reached in the investigation of the physical 
properties of butyl rubber (6) that the tensile strength is directly 
related to the fraction of the stmcture which is permanently oriented 
by stretching. At higher degrees of cross-lining (at /> x 100 = 1.0 to 
1.5, depending on the molecular weight of the rubber) the tensile 
strength passes through a maximum and then declines steadily 
to quite low values for higher p 's. This adverse e£tect of higher 
degrees of cross-linking is believed to result from the diminished 
elongation at which crystallization sets in and, hence, the smaller 
fraction of the network elements sufficiently oriented to participate 
in crystallite formation. Modification of iqp to 7% of the isoprene units 
of the rubber with the monofunctional compound, ethyl azodicarb- 
o^^late, depresses the tensile strength of the disazo vulcanized 
rubber relatively little. Evidently, the limited extent to which these 
modified (or cq;)olymer) chains may enter into crystallization is 
adequate to bring about high tensile strength. Lack of direct cor¬ 
relation between modulus and tensile strength for rubbers vulcanized 
with various sulfur-accelerator combinations can only be e]q>lained 
by assiuning that conventional vulcanization processes are accom¬ 
panied to varying degrees by chain scission reactions. When vulcan¬ 
ized rubber is "over-cured," or heat aged, chain scission becomes 
excessive. 


Resume 

La tension a I'etirement d'echantillons de caoutchouc naturel, 
quantitativement ponte par le dis-methyl-azocarboxylate de deca- 
methyl^ne, a Ite d^termineie. La proportion d'agent vulcanisant a 
vari^du simple a quatre-vingt fois sa valeur, la fraction p des unites 
pontles atteignant de 0.10 x 10~’ i 8.0 x 10~*. Malgre les faibles 
dimensions de I'^chantillon ^udle (section de 0.10 in. sur 0.005 in.), 
I'erreurmoyenned'une observation determinee est semblable a celle 
obtenue dans les precedes conventionels appliques aux l^chantillons 
vulcanises aumoyen de soufre et d’accelerateurs. Les deviations de 
la m^enne pour 262 essais sur 15 pr^arations differentes sont 
rmresentles par une function de Gauss; une legere tendance a la 
deviation est seulementevidente aux extremltes des distributions des 
deviations. Ces resultats sont incompatibles avec 1' idee generalement 
admise que Uechantillon se rompt a I'endroit de liaison plus faible, qui 
se presentent inevitablement sans un echantillon. II se^mble que 
ll^titudea-resisterauneforce d'etirement solt une propriete carac- 
teristlque inherente au materiel. L'accroissement rapide de la tension 
d'etirement avec le degre de pontage pour de faibles valeurs de celle-ci 
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est en accord avec la conclusion, anterieurementformulee dans les re- 
cherches sur les proprl^es physiques du caoutchouc butylique (6), 
savoir que la tension d'etirement est directement li^e a Infraction de la 
structure qui est orientee de laqon permuiente par Virement. 
Auxdegresde pontages plus llevis ( p x 100 s 1,0 Jusque 1.5, suivant 
le poids mollculaire du caoutchouc) Intension d'^rement passe par un 
msMrimum , ensulte diminue constamment Jusqu'a des valeursnotable- 
ment plus basses our des p pluselev^es. Get effet inverse des degrSs 
de pontages elevessembler^sulter de la diminution de 1'elongation, 
laquellelacristallisationdebute, etd'une quantity relative plus petite 
des llements du reseau, oiientes suffisamment pour partlciper \ la 
formation de cristallites. Enmodifiant les unites isoprehiques jusqu'a 
7% parun compose monofonctionnel, le azodicarboxylate d'&hyle, on 
ne provoque qu'une legere diminution de la tension a I'^irement de 
ces caoutchoucs, vulcanises par le compose disazoique. Evidemment, 
laquantitellmiteeaveclaquelleceschames modifi^es (ou ces copoly- 
mdres) peuvent entrer en cristallisatlon, est favorable ^ I'obtention 
deforte tension al'etirement. Le manque de correlation directeentre 
le module et la tension a I'etirement pour des caoutchoucs vulcanisis 
avec divers melanges soufre-acc&erateur, peut uniquement ^tre 
expliqueenadmettant que les precedes habituels de vulcanisation sont 
accompagnes a des degr^s variables, de reactions de scission de 
chaune. Quand le caoutchouc vulcanise est soumis \ une pr^aration 
tr <9 longue, ouvieillikla chaleur, les nq>tures de chaanes deviennent 
trop importantes. 


Zusammenfassung 

Die Zugfestlg^eiten von Naturgummiproben, die quantitativ durch 
Decamethyl-Azocerboxylat vernetzt wurden, slndfestgestelltworden. 
Das Verhaeltniss des Azo-Vulkanisationsreagenzmittels wurde 80 
fach variiert, wobel die Fraktion vernetzter Ketten in den Produkten 
zwischenO.lOundlO'^ lag. ObgleichderPruefstabkleineDimensionen 
hatte, (QuerschnittO.lO" x 0.005") war derDurchschnittsirrtumeiner 
Einzelbeobachtung aehnlich dem, der unter konventionellen Pruefungs- 
methoden mit Schwefel und Beschleunigern vulkanisierter Proben 
erhalten wird. Abweichungen vom Durchschnltt fuer 265 Pruefimgen 
und 15 verschiedene Aushaertungen werden durch die Gauss'sche 
Irrtumsfunktiongutdargestelltnurdie Verteilung extremer Abweich¬ 
ungen ist etwas unsymmetrlsch. Die Ergebnisse Sind unvereinbar 
mit der haeufig vorkommenden Ansicht, dass der Bruch einer Probe 
im schwaechsten Gliede einer Serie von Fehlstellen, die unvermeid- 
licherweise in der Probe vorkommen, stattfindet. Man muesste 
annehmen, das die Faehig^eit, einem Zuge zu wiederstehen, (wenn 
er in einer gegebenen Weise angewandt wird) eine Eigenschaft des 
Stoffes ist. Die schnelle Zunahme an Zugfertigkeit mit dem Grade 
der Querverbindung fuer kleine Werte dieser Qualitaet ist mit dem 
Schlusse, der frueher in Untersuchungen physikalischer Eigen- 
schaftenvonButylgummi(6)gezogenwurde, vereinbar, dass naemlich 
die zugfestigkeit dlrekt von der Fraktion der Struktur abhaengt, die 
d\irchDehnen permanent orientiert wird. Dei hoeheren Vernetzungs- 
graden (beip x 100 zwischen 1.0 und 1.5 je nach dem Molekular- 
gewichtdesGummis)geht die Zugfestigkeit durch einen Maximalwert 
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undverringertsichdaimununterbrochenbis zu ganz niedrigen Werten 
bei hbhen p^s. Dieser nachteilige Einfluss hoher Querverbindungs- 
grade ist wahrscheinlich elne Folge der verringerten Dehnung, be! 
der Kristallisation einsetzt, und demgemaess, der kleineren Fraktion 
der Vernetzen Glieder deren Orientierung gross genug ist, um sie 
an der Kristallisation teilnehmen zu lassen. Modifiziening bis zu 
7% der Isqprenglieder von Gummi mit der monofunktionalen Verbin- 
dung Aethyl Azodicerboxylat drueclct die Zugfesti^eit des dis-azo 
vulkanisierten Gummis nur relativ wenig herab. Offensichtlich genuegt 
dasbegrenzte Ausmass,in dem diese modifizierten (oder Mischpoly- 
merisat.) Kettenander Krystallisation teilnehmen koennen, um hbhe 
Zugfestig^eit sicherzustellen. Der Mangel an Korrelation zwischen 
ModulundZugfestigkeitfuer Gummis, die mit verschiedenen Zusam> 
menstellungenvon Schwefel und Beschleunigern vulkanisiert wurden, 
kaim nur durch die Annahme, dass konventionelle Vulkanisierungen von 
verschiedentlich weitgehenden Kettenspaltungsreaktlonen begleitet 
Sind, gedeutet werden. Wenn vulkanisierter Gummi "ueberhaertet" 
wird, Oder bei hoher Temperatur gealtert wird, findet eine ueber- 
maessige Kettenspaltung statt. 
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INTRODUCTION 

The osmometer has been one of the standard tools of research 
in physical chemistry for well over a century (1). Theoretical 
interpretation began with vant Hoff's (2) treatment of Pfeffer's (3) 
data, which led to the well-known analogy between the behavior of 
molecules in solution and that of the same number of molecules in 
the same volume as gas. Deviations from ideal behavior for various 
real solutions were observed and eventually accounted for in a 
satisfactory way. Herzog and purlin (4) were pioneers in the study 
of the osmotic pressure of synthetic high polymers; they found that 
the osmotic pressure of benzyl cellulose solutions in methyl glycol 
acetate was linear in coiicentration below 1% of solute by weight, but 
that the deviations from ideal behavior were very large. Subsequent 
investigators (5,6) showed that this behavior was a general character¬ 
istic of substances of high molecular weight; using a model suggested 
by Meyer (7), Flory (8) and Huggins (9) independently showed that the 
deviations from ideality exhibited by polymers were due to entropy 
terms which arose from the many possible configurations which a 
chain molecule could assume in solution. We are now able to make 
reliable measurements of osmotic pressures of polymeric systems 
and to obtain the molecxilar weight of the solute from the data. Still 
more important, the variation of the osmotic coefficients with 
concentration and temperature can be correlated with the interaction 
of solute molecules with each other and with those of the solvent. 

Electrolytes proved to be one of the major problems in the 
field of colllgative properties of substances of low molecular weight; 
it was nearly half a century after van't Hoff's work that Debye and 
Huckel (10) finally succeeded in making a practical calculation of the 
effect of long range interionic forces on thermodynamic properties 
of electrol]rtic solutions. Likewise, in the field of substances of high 
molecular weights, electrolytic compounds present many unusual 
properties when contrasted with neiitral polymers. One (rf the classical 
problems in this field is that of proteins (11), which are, of course, 
electrolytes of hi^ molecular weight. Lillie (12) foxmd that the osmotic 
pressure of gelatine solutions depended on the concentration of other 
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electrolytes simultaneously present. Later the Importance of the 
isoelectric point of proteins was understood, and Loeb (13) was able 
to account for the change of osmotic pressure of protein solutions 
with electrolyte concentration and pH by means of the Donnan (14) 
equilibrium. The protein situation is, however, conq>licated by the 
fact that the ionogenic groups of the protein, carbo^qrl and amino, are 
weak; hence dissociative equilibria must be considered in calculation. 

Compounds of the t^e we have described in earlier p^rs 
(15-17) of this series permit another approach to the problem of 
thermodynamic properties of polyelectrolytes. Polyvinylpyridine is 
a typical polymer, much like the familiar polystyrene. By the addition 
of alkyl halides, it can be converted into a strong polyelectrolyte of 
known molecular weight and structure. The fact that the resulting 
electrol 3 rte is strong eliminates the dlHlciilties due to the dissociation 
processes characteristic of weak acids and bases, including direct 
hydrolysis or membrane hydrolysis. Synthetic polyelectroiytes offer 
several other advantages over naturally occurring sidpstances as 
research material: (a) they are stable; (b) their structure, within 
reasonable limits, can be varied at will; and (c), nonaqueous solutions 
can be studied. The significance of the first two points in obvious; the 
third will be essential in a general treatment of polyelectroljdes, 
because varying the solvent permits variation of dielectric constant, 
and it is this variable which controls the intensity of Coulomb forces 
which are, in last analysis, responsible for the properties which are 
peculiar to electrolytes. Our knowledge to date of the properties of 
polyelectrol 3 rtes is almost entirely limited to that of proteins, nucleic 
acids, and polysaccharides in aqueous solution. It is our hope that an 
investigation of the general field will lead to a better understanding of 
the special one. 

The purpose of this paper is to present the results of a prelimi¬ 
nary esqperimental study of the osmotic pressures of solutions in 
ethanol of polyvinylbutyl-pyridonium bromides of (number average) 
degrees of polymerization 730 and 1900. It is not possible yet to treat 
the general case of Donnan equilibria for strong polyelectroiytes in 
nonaqueous solvents, because association due to electrostatic inter¬ 
action reduces free ion concentrations below the correi^onding 
stoichiometric concentrations and because activity coefficients may 
not be ^proximated by unity as is frequently (although incorrectly) 
done in the case of aqueous solutions. We first consider, therefore, 
the case where polyelectrolyte is the only solute. Here, we have one 
of the limiting cases of the Donnan equilibrium where no diffusible 
electrolyte is present (except perh^s for small amoimts of impurity) 
and the observed osmotic pressure is due to the polylons plus the 
counter-ions which, although small enough to pass through the 
membrane, are retained on the solution side of the cell by the condition 
of electrical neutrality. At a given concentration in the dilute range 
(hundredths of 1% by weight), we find that the osmotic pressure of the 
polysaltisover an order of magnitude greater than that of the parent 
polymer. This pressure is, however, very much lower than the limit 
which would correspond to zero associ^lon of counter ions to the 
polycations, whence we conclude that the polymeric ions carry with 
them a significant fraction of bromide ions, held solely by Coulomb 
attraction. By simultaneous measurement of conductance, an estimate 
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of the transference number of the polyion can be made; we find about 
0.3 for the sample of low molecular weight and 0.5 for that of high. 

Bytheadditionof a large excess of a simple one-one salt (lithium 
bromide)tothe solution, we obtain another limiting case of the Donnan 
equilibrium where again the observed osmotic pressure is due to the 
nondiffusiblepolyelectrolyte. Inthis case, the association of gegenions 
to the polyion is markedly increased, as is demonstrated by the 
resulting sharp decrease in osmotic pressure. By measuring the 
osmotic pressure of apolyelectrolyte in solutions of a sinq>le electro¬ 
lyte as solvent, it may be possible to Obtain the molecular weight of the 
polyelectrolyte by extrjq>olation to infinite ionic strength of added 
electrolyte (18,19). Further work is in progress. 

EXPERIMENTAL 

Materials 

Pol yvinylp yridine. lOcc. of redistilled (18 mm., 68 °) 4-vinyl- 
pyridine were diluted with 500 cc. toluene, and 1.0 g. benzoyl peroxide 
was added. The solution was deoxygenated at room temperature by 
evacuating until the liquid boiled and then admitting nitrogen; this 
step was repeated three times. The mixture (under nitrogen) was then 
placed in a shaking machine in a water bath at 40°. After 21 hours, 
13.7 g. polymer (No. 421) was separated by centrifuging; 1.3 g. 
additional benzoyl peroxide was added, and after deoxygenation, the 
mixture was put back on the shaker for 8 days. The main lot of polymer 
(No. 422) was then centrifuged out. The supernatant liquid was 
completely colorless; presence of oxygen produces a yellow color. The 
polymer was twice washed with benzene, dried in vacuum, suspended 
in benzene and stirred for one hour, centrifuged, and finally dried in 
vacuum at 40° for several days. The total yield was 70.4 grams. 
Dumas nitrogen was 13.15%, 13.01%; theoretical 13.32%. 

Viscosities were measured in ethanol solution; the following 
values were found; C = 0.408 g./lOO cc., ‘'^gp/C = 2.04; 2.13 at 0.532 
g./lOO cc.; 3.13 at 1.408 g./lOO cc. Due to an error in estimation of 
quantities, the above data are not properly spaced for the conventional 
extrapolation plot for intrinsic viscosity [ 17 ]. Using the equation (20): 

nsp/c » [n] + k' h]*c d) 

with k’ = 0.35, the value we obtained for other polyvinylpyridine (19) 
sanqples, we calculate [ 17 ] =1.64 from the two data at low concen¬ 
trations. 

Polyvinyl-N-but ylp yridonium Bromide. One sample of this 
compound was prepared from the polymer (No. 422) described in the 
previous paragraph by reaction in nltromethane solution at 55° with 
n-butyl bromide. We designate this as Salt 4115. Bromide was 
determined by potentiometrlc titration; found, 31.58%, 31.58%; theoret¬ 
ical, 33.00%. Dumasnitrogensgave 5.50%, 5.54%; theoretical, 5.78%. 
The bromide is 95.6% of theoretical and the nitrogen is 95.5% of 
theoretical, so we conclude that each nitrogen carries one ionic 
bromine. We are indebted to Mr. W. N. Maclay of this laboratory 
for these analyses. 
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A solution of Salt 4115 (0.602 g./lOO ec. or 0.0237 equivalents 
bromide per liter) in water of pH 5.84 gave a pH of 3.18, which 
Indicates that some side reaction occurred whereby hydrogenbromide 
rather than butyl bromide finally added to pyridine nitrogens. Assuming 
activity equal to concentration, a pH (tf 3.18 corresponds to a 
6.6 X 10“* normal solution of acid in the 0.0237 normal polysalt 
solution. 

Another sample of salt (No. 612) was also studied. This was 
prepared from the poly vinylpyridine described in Part n of this series 
(15), which had a molecular weight of 77,000 (DP 730, about one third 
that of salt 4112). 

Ethanol. Stockroom ethanol was redistilled and the density and 
specific conductance were measitred. The latter varied from 
0.043 X 10*' to 0.073 x 10'*, which was about 5% of that of the most 
dilute solution of polyelectrolyte studied. 

Lithium Bromide Solution. We used Elmer and Amend C. P. 
lithium bromide, undiied. A sample weighing 245 g. was dissolved in 
92.5% ethanol,filtered, and made iq> to a total of 3109 g. with ethanol. 
Potentiometric titrations gave an average of 0.7104 moles lithium 
bromide per kilogram solution. From these data, we calculate that 
the final solvent was 90.9% ethanol. The density of the solution at 
28.0° was 0.856; using the temperature coefficient of ethanol, this 
gives 0.858 for the density at 25°, whence we find that the solution 
was 0.610 normal in lithium bromide. 

Apparatus 

The osmometer used in this investigation was that described by 
Fuoss and Mead (21); we are indebted to the Research Laboratory of 
the General Electric Co., for the loan of this apparatus. It was 
equipped with water jackets ( 22 ), through which water, thermostated 
at 25.00° t0.03, was circulated. 

Membrane corrections were determined in the usual way, with 
solvent on both sides of the cell. One membrane was used for all the 
work herewith reported; its correction was 0.18 cm. for ethanol as 
solvent. With 0.610 N lithium bromide as solvent, the membrane 
correction was erratic during the first two hours after filling the 
osmometer; it then became steady at 0.24 cm. This value was 
reproduced on subsequent fillings. Diffusion of solvent through the 
membrane was about half as fast with the lithium bromide solutions 
as with the ethanol soMtions; readings were accordingly taken at 
60 second, rather than at 30 second intervals. 

In order to check the behavior of the osmometer, we frequently 
left solutions in the osmometer overnight. As previously pointed out 
( 21 ). low molecular weight polymer will diffuse into the solvent cell 
on standing. But the (tynamic reading taken the next morning, without 
changing contents of either half cell, always agreed with the static 
level which the system had arrived at during standing. Another 
convenient working check is the difference between levels for rising 
and falling meniscus, when the rate has reached a definite numerical 
value. For exaixq)le, with our membrane and ethanol solutions, when 
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the meniscus was rising at the rate of 0.080 cm./min., the level was 
always 0.88 cm. below the level at which it would fall at the same 
rate of 0.080 cm./min. (See Figure 3 of Reference 21.) Finally,we 
required that two successive fillings of the osmometer give the same 
c^namic osmotic pressure within 0.05 cm. Apparently, some polymer 
is adsorbed on the membrane because we found that the osmotic 
pressure came reproducible after two fillings, if these were allowed 
to stand in the osmometer at least one hour each. If successive 
portions of solution and solvent were introduced, measured, and 
drained in r^id succession, half a dozen or more fillings were 
necessary before reproducible readings were obtained. 

WithPolymer421, the apparent osmotic pressure dropped about 
10% on standing at least 5 hours, due to diffusion of material of low 
molecular weight to the solvent side. Replacement of the liquid in 
the latter side by fresh solvent always brought the level haU-way 
back to the initial value, in accordance Wh our earlier observations. 
We attemptedto determine the actual weight of the diffusible material. 
In one experiment, a solution (1.44 g./lOO cc.) gave an initial osmotic 
pressure of 6.56 cm., which dropped to 6.04 cm. on standing overnight, 
a decrease of nearly 10%. The contents (20 cc.) of the solvent half- 
cell were then drained into previously weighed weighing bottle and 
the liquid was carefully evaporated. No detectable residue was found; 
i.e.,certainly lessthanO.5 mg. were responsible for the 0.52 cm. drop 
in osmotic pressure. The solution half-cell contains 20 cc., of which 
half is in contact with the membrane; hence about 0.144 g. whole 
polymer were originally present in the solution half-cell adjacent to 
the membrane. To give a 10% decrease in osmotic pressure, the less 
than 0.5 mg. (0.3% of whole polymer) could not possibly have had a 
molecular weight greater than 3000. Actually, the value was probably 
much lower than this, because 0.5 mg. is a very liberal estimate of 
weighing error; had we taken 0.1 mg., for example, the upper limit 
would have been only 600. The impurity might have been benzoic acid 
from the catalyst. In any case, this observation suggests that osmotic 
pressures obtained after dialysis of the sample are more representa¬ 
tive of the polymer than are those obtained by the dynamic method 
shortly after filling the osmometer. 

The most convenient units for practical laboratory work are 
pressures ir in centimeters of solvent and concentrations w in grams 
of solute per kilogram solution. In these units, the limit of (ir/w) at 
zero concentration is 1033 RT/M = 25,280/M, where Mis the number 
average molecular weight. In conventional units (p in g./ cm. and C in 
g./100 cc.), the ratio p/ C is simply 10 v / w because the density appears 
in both numerator and denominator on converting units (w = 10 C/P ; 

IT = j?/p ). 


RESULTS 

The osmotic pressures of Polymer 421 are given in Table I. 
The second column gives ‘vq, the initi^ dynamic value of the osmotic 
pressure, and includes the contribution due to diffusible impurity. On 
standing, the osmotic pressure drops to ( tq • Sir );on refilling the 
solvent half-cell with fresh solvent, the dynamic pressure measured 
immediately rises to ( ir^ • Sir /2). On standing, the pressure again 
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dropsto( tq- Sir ) as half of the remaining material of low molecular 
weight diffuses out df the solution half cell. R^etition of this process 
gives afinal dynamic and static osmotic pressure ** 

The values of ir«. are given in the third column of Table I; it will be 
noted that ( itq • ir» ) is proportional to w, as should be the case If 
the drop is due to a fixed percentage of diffusible impurity. 


tabu I. Osmotic Pressures of Polymer kSl in Sthanol at 25 * 


w 

''0 

^ CO 

C 

Po/c 

njc 

3.03 

0.54 

0.48 

0.243 

1.76 

1.58 

5.64 

1,27 

1-12 

0.452 

2.25 

1.99 

8.07 

1.94 

1.76 

0.648 

2.40 

2.18 

9.43 

2.49 

2.27 

0.756 

2.64 

2.41 

17.94 

6.35 

5.86 

1.440 

5.54 

3.27 


The data are linear on the conventional plot of pressure over 
concentration versus concentration; the open circles of Figure 1 
correspond to Po/C and the solid ones to p» /C. The former extra* 
polated to M = 165,000 and the latter to M = 195,000. As explained in 
the previous section, we believe the latter figure to be more accurately 
descriptive of the polymer. Polymer 422 was not significantly different 
from Mo. 421. Two solutions withC = 0.953 and 0.556 g./lOOcc. gave 
p« /C = 2.72 and2.35, reflectively; these values are to be compared 
with 2.65 and2.08, the values interpolated from Figure 1 for No. 421 
at the same concentrations. The density of a pressed disk of poly* 
vinyUiyrldine was found to be 1.153 g./cc. Using this value, andthe 
slope 1.43 of the p/C - C plot, we find fi= 0.464. 


Fig. 1. Osiotlc Pressures. 
Open circles. Initial val¬ 
ues for Polyaer 421; solid 
circles, final values; half¬ 
black circles. Salt 4115 In 
0.610 noraal alcoholic 11- 
thlua broalde solution. 


As might be expected, the polyelectrolytes gave a much hi|dier 
osmotic pressure at a given weight concentration than the correfion* 
ding parent polymers, due to the effect of the counter ions. For 
example, the average degree of polymerization of Salt 4115 is 
approximately 1900; if no association occurred, the number of particles 
fromaglven weightofthesaltwouldbe 1901 timesthosefrom the same 
weii^tof polymer; 1900bromide ions and one polycation. Actually, the 
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pressures were only between 10 and 100 times as large as that of the 
polymer, indicating a rather high degree of association of counter ioni^ 
to polycations. 

The behavior on standing in the osmometer of the polyelectro> 
lytic solutions was markedly different from that of solutions of 
electrically neutral polymers. On standing overnight, the ^parent 
osmotic pressure droppedfrom 20 to 35% of the dynamic value obtained 
at "zero" time (as soon as temperature equilibrium was established 
after filling). But on refilling the solvent half-cell with fresh solvent, 
the pressure rose much more than half the drop. Our tentative 
e^lanation is that hydrogen bromide was responsible. (We recall 
that the salt gave a slightly acid solution in water.) Pyridine is a very 
weak base and in solution, most of the hydrogen bromide would be 
free to diffuse through the membrane. We have here a case of 
Donnan equilibrium where a small amoimt of diffusible electrolyte 
is present with a large excess of nondiffusible electrolyte, and where 
practically all of the diffusible electrolirte is driven throtigh the 
membrane, where it then exerts a large counter pressure. On 
refilling the solvent half-cell, the osmotic pressure rises nearly to 
that corresponding to the poly salt alone. The magnitude of this effect 
is shown in Table n where and iu have the same significance 
as before, while ir'ls the dynamic (and static) value found for the 
Initial filling of the cell after it had remained in the cell for at least 
6 hours but before refilling the solvent half-side of the cell. It will 
be noted that ( ) is linear in w, corresponding to a constant 

percentage of dmusihle electrolytic impurity. The values of ( Vq - 
Vm ) for the poly salt are much smaller than for the parent polymer; 
presumably, most ofthe impurity of low molecular weight in the latter 
was extracted during the pr^aration of the salt from the polymer. 


TABLE II. Variation of Osmotic Pressure Due to 
Dialysis 


V 

"0 


^00 

»too/to 



Salt 4115 



0.195 

0.58 

0.37 

0.51 

0.880 

0.2U2 

0.70 

0.48 

0.63 

0.900 

0.33*^ 

1.03 

0.72 

0.91 

0.884 

0.865 

2.1^6 

1.96 

2.54 

0.952 

1.509 

3.66 

2.95 

5.61 

0.986 

1-779 

4.65 

3.81 

4.43 

0.953 

2.1^60 

6.60 

5.29 

Salt 612 

6.48 

0.982 

0.177 

0.70 

0.48 

0.64 

0.915 

0.322 

1.31^ 

i.oa 

1.21 

0.904 

0.582 

2.l^9 

2.02 

2.32 

0.932 

0.865 

3.48 

2.86 

3.19 

0.916 

1.585 

6.18 

5-12 

5.77 

0.934 
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The membrane correction of 0.18 cm. has been applied to all 
the data of Table n. As will be shown later In the discussion, there 
Is some doubt concerning the proper value of membrane correction 
to be used In the presence of Ions; there are Indications that It varies 
with electrolyte concentration, and further study is needed. 


TABIS III. Conductances of Pdyelectrolytes in Sthanol at 2^ 


10® C 

A. 

10®o 

A. 

Salt 4115 

Series 

1 

Series J 

0.3108 

3 . 93 e 

0.621 

3 . 75 i 

0.7416 

5.696 

0.769 

5 . 75 e 

5.604 

3.313 

1.062 

5.666 

13.093 

2.892 

1.721 

3.553 

Series 

2 

2.745 

3.462 

16 . 14 * 

2.766 

4.165 

5.528 

68.96 

1.997 

5.660 

3.24r 

258.4'’ 

1.435 

7.827 

3.124 

Salt 612 

0.563 

3.703 

2.751 

3.124 

1.027 

3.433 

5.046 

2.929 

1.854 

3.257 



■ n/n^ ' 1 

.65 



O* 

0 

n 

CO 

, 55 ; p = 

0.833 



Conductances were also determined using the same apparatus 
and technique as before (16). In discussion of conductance data, 
weight concentrations (C or w) are meaningless, and It is therefore 
necessary to refer the data to concentrations c, eiqiressed as stoich¬ 
iometric equivalents of bromide ion per liter. The relation between 
the three concentration scales is given by; 

c = lOC/s • pw/» (2) 

where p is density and m is the equivalent weight of a monomer unit. 
In Table m, we give the equivalent conductances A of the salts, which 
were calculated from the observed total* specific conductances k by 
the usual definition: 

A” 1000 K/C (3) 

In Series 1, the density of the alcohol was 0.8041, corresponding to 
93. S% ethanol, and the solvent conductance was 0.067 x 10'*. The 
corresponding figures for Series 2 and 3 and for Salt 612 are; 0.8052, 
93.1%, 0.073 X 10-«, 0.8072, 92.4%, 0.043 x lO'*; and 0.8066, 92.6%, 
0.048 X 10'*. Different lots of alcohol had slightly different ethanol 
contents, and hence different viscosities and dielectric constants; 

*For discussion of solvent correction, see page 253 of reference (L9. 
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effects of these variations are not pertinent to the present discussion. 
Approximate viscosities of two of the most concentrated solutions 
were measured; it will be noted that the relative viscosity increases 
very rqpidly with concentration, reaching nearly 10 in a 6. S% solution. 

In order to determine the effect of the presence of excess simple 
electrolyte on the properties of thepolymeric electrolyte, both osmotic 
pressures and conductances of Sait 4115 were measured in 0.610 
normal lithium bromide solution as solvent. The data are summarized 
in Table IV. It was noted that the osmotic pressures were always 
somewhat erratic for an hour or so after replacing solvent in the 
solution halfrcell with solution, but steady reproducible values were 
obtained after about two hours. The itq figures of Table IV therefore 
refer to data taken after this time. On standing overnight, the osmotic 
pressure remained constant or else increased somewhat. This 
observation siq>ports our guess that the large decrease and subsequent 
large regain for the polyelectrolyte alone (Table n) were mostly due 
to hydrogenbromide, because the small amount of this impurity would 
be invisible in the presence of the large excess of lithium bromide. 
It will be noted that the p/C values (averaged over Vq and ir^ ) are of 
tha same order of magnitude as those of the neutral polymer. In the 
fifth column of Table IV are given the specific conductances of the 
solutions and in the last, the decrease in specific conductance produced 
by the addition of polyelectrolyte to the lithium bromide solution. 


TABLE IV. Properties of Salt 4115 in 0.610 N Alcoholic 
Lithium Bromide Solution 


c 

''o 


p/c 

lO^K 

-10 ^ Ak 

0.000 

- 

- 

(O.90) 

7.565 

0.000 

0.512 

0.34 

0.4l 

1.02 

7.541 

0.022 

0.586 

0.77 

0.77 

1.15 

7.510 

0.055 

0.846 

1.22 

1.27 

1.26 

7.448 

0.115 

1.14? 

1.75 

1-75 

1.51 

7.447 

0.116 


From the specific conductance of the lithium bromide solution 
used as solvent, we calculate A= 12.40 for lithium bromide at 0.610 
normal in ethanol. By Walden's rule we estimate Aj, for this salt to 
be 82.5; hence there is also considerable ion association of the univalent 
ions in this solvent. 


DISCUSSION 

It is first necessary to comment on the membrane correction for 
the data on the polyelectrolytes. We found 0.18 cm. with ethanol on 
both sides of the membrane, and 0.24 cm. with 0.610 N lithium bromide 
solution on both sides. In Figure 2, we have plotted the p/C data for 
both polymeric salts; the tq)per curve for each salt gives the data 
based on wq values (cf. Table n) without membrane correction and 
the lower curve gives the p/C valiies based on Vq, using a membrane 
correction of 0.18 cm. As might be expected, there is no significant 
difference at higher concentrations. But in the range of low concen> 
trations, the corrected curve for Salt 4115 is considerably flattened, 
and for Salt 612, a maximum aroimd 50 mg./100 cc. appears. The 
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latter certainly Is fictitious because the limit at zero concentration 
for p/C mostbeaiq>roximately^ 1000 and the curve must necessarily 
be concave-tQmard. It thus appears that 0.18 cm. is an over-correction 
for membrane assymetry and we shall disregard the correction for 
the present. 



Fig. 2 . Osmotic pressures of polyelectrolytes. 

Right-black circles, Salt 612 , uncorrected init¬ 
ial values; left-black circles. Salt 612 , correct¬ 
ed initial values. Open circles. Salt 4115 , un¬ 
corrected initial values: solid circles, Salt 
4115 , corrected initial values. 

One other source of error must be mentioned; the small incre¬ 
ment Airof osmotic pressure ( vq -h;. ) which we tentatively ascribe to 
residual impurities. Again, this error becomes negligible at higher 
concentrations, but affects the shs^e of the curve at low concentrations. 
As seen in Ta^le H, Av is approximately constant, and its effect is 
obviously one which increases with decreasing concentration on ap/C 
plot. Since the conductance data necessarily include contributions from 
electrolytic in^iurities, we shall use the Vq values for comparisons 
between these two sets of data. 

Regardless of these two uncertainties, three significant differ¬ 
ences between the p/C curves for the polyelectrolytes and those of the 
parent polymers are obvious, on comparing Figures 1 and 2. First,the 
magnitude of the osmotic pressure of the polyelectrolytes is by far 
greater; for example, at 0.2 g./lOO cc. (the highest concentration 

^In the hypothetical limit of zero concentration, no bromide ions 
would be associated with the poly cation; hence a poly salt with degree 
of polymerization n would give (n -t- 1) particles, and the limiting 
osmoticratiowouldbe(p/C)o=2.53xl0V{l/m + 1/M)»2.53 x lO'/m, 
where mis the molecular weight ofthe monomer unit. Since m - 242.2, 
andthe compound analyzed to 95.?% theoretical bromide, the effective 
monomer weight is then 242.2/0.952 * 254. Practically, this limit 
cannot be reached because at any low but finite concentration, the 
positive field of the polycation is enormous, and a certain number of 
anions will be associated with the cations. In other words, the solution 
will act as if to each molecule of polyelectrol 3 rte, there corre^onded 
(n - m 4-1) particles, where m changes only extremely slowly with 
concentration. A Similar para^x has been discussed for the case 
of conductance; cf. p. 257 of Ref. (15). 
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measured for the poly salt and the lowest for the polymer), the p/C 
values are, respectively, 28 and 1.8. Second, the osmotic pressure- 
concentration ratio of the polysalt increases with dilution while that 
of the polymer decreases. Third, the p/C - C plots are linear for the 
polymer and curved for the polyelectrolyte. These characteristics 
are,of course,tobee^ectedfor asaltofthe type imder consideration. 
The osmotic pressure is high, because each free bromide ion which is 
not bound to (or in) a polycation by Coulomb forces contributes just 
as much to osmotic pressure as a single macromolecule. As dilution 
increases, more and more bromide ions escsqpe from the electrostatic 
fields of the large positive ions, and the osmotic pressure increases 
correspondingly. Finally, since electrostatic forces are involved, 
linearity in the first power of concentration is not to be eiqiected, 
because neither concentrations of free ions nor activity coefficients 
are linear in concentration. 

Dissociation of the polyelectrolyte in alcohol is far from 
complete, as in evident from the disparity between 1000, the theoretical 
limit of p/ C and the observed values of 30-50. Even at this range of 
dielectric constant, however, it is interesting to note that the salt of 
lower molecular weight gives the higher osmotic pressure ipf. Figure 2) 
at a given weight concentration. It should be emphasized that this is not 
due to the same cause which operates in the case of neutral materials, 
where a given weight contains more (whole) molecules of material of 
lower molecular weight. Rather, the higher osmotic pressure of the 
polyelectrolyteof lower molecular weight is due to the greater number 
of bromide ions free at a given concentration due to its relatively 
weaker electrostatic field. In other words, the Coulombic binding 
capacity for bromide ions is greater if a given weight of polycation 
is present as fewer, but larger more highly charged units. 

When an excess of simple one-one electrolyte is added to the poly¬ 
salt, we would expect a marked decrease in osmotic pressure because 
the excess of counter ions would in the limit completely suppress 
the dissociation of the polyvalent electrolyte. As shown in the lower 
curve of Figure 1, this is precisely what happens when 0.610 normal 
lithium bromide solution is used as the solvent for Salt 4115. The 
osmotic pressure is depressed below that of the parent polymer and 
the curve is now linear, extrapolating to an intercept of 0.90, with 
a much smaller slope (larger ft value) than that of the neutral polymer 
in ethanol. If, on the average, one free bromide ion were present for 
each molecule of polyelectrolyte, the p/C intercept for the polysalt 
in lithium bromide solution would be a little lower than 1.30, that for 
the parent polymer; 1.30 x (105)/(242/2) := 1.13. If suppression were 
complete, the intercepts for Polymer 421 and Salt 4115 should be in 
the inverse ratio of the weights of the monomer imits, 242/105 =2.30, 
which would correspond to an intercept of 0.57 for the salt. Actually, 
they are in the ratio 1.30/0.90 = 1.45, indicating that on the average 
less than one free bromide ion is present per molecule of polyelectro¬ 
lyte. It will be interesting to study the osmotic pressures of poly- 
electrolytes in different concentrations of added salt, to see if an 
extrapolation to "infinite concentration" of added electrolyte will 
give the molecular weight of the polyelectrolyte, in analogy to our 
result for viscosity (18). We also plan to study the dependence of the 
slope on concentration and type of added electrolyte. 
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The conductance curves for the two salts (612 and 4115) are 
shown in Figure 3. For comparison, our previous data (15) for 
another sample of electrolyte (Salt H) prepared from the same parent 
polymer as Salt 612 are also shown. The curve for Salt 61? is lower 
by about 10% and not quite parallelto the previous curve; we can 
offer no ejqplanation for this discr^ancy. More e]q)erience in 
preparation and purification of salts is obviously needed. One 
significant difference between Salts 612 and 4115 appears: in our 
working range of concentrations. Salt 4115 shows a marked curvature 
on a log A > log c plot, while the data for Salt n give a linear plot. 
The log A - log c plot must eventiially become concave to the concen¬ 
tration axis for all salts; the range of concentration where this will 
occur will depend on molecular weight. Until more data are available 
on a wider variety of systems (especially with fractionated materials), 
it seems pointless to speculate further. 



Fig. 3 . Conductance curves. Solid circles, data 
of Reference ( 15 ); open circles. Salt 4 ll 5 ; half¬ 
black circles. Salt 612 . 

The oehavior at the higher concentrations gives some infor¬ 
mation regarding local hydrodynamics in these solutions. The 
macroscopic viscosity ctf the most concentrated solution was nearly 
ten times that of the solvent, while that at one sixteenth the concen¬ 
tration was less than double. (Cf. Table m.) Still, no corresponding 
sharp drop in conductance occurs in this range of concentration. We 
can only interpret this to mean that the ions find a different (lower) 
resistance to their motion from that which we measure with a 
Ciqiillary viscometer. The situation recalls the old observation (23) 
th^ the conductance of potassium chloride in gelatin solution does 
not undergo a sharp change when the solution sets to a gel. 

If we neglect the electrostatic effects of interionic forces, we 
may obtain an iqpper estimate for the "degree of dissociation" of the 
polyelectrolyte by classical methods. If the electrolyte were 
completely dissociated, we would have v/w == 25273/m » 100 and 
on our assunwtlon then, the value of t/w is approximately equal to 
100 V , the degree of dissociation. Using Walden’s rule, we estimate 
the equivalent conductance A* of the bromide ion in our ethanol to be 
53. The product lA* then gives the contribution of the bromide ion 
to the total conductance, and we are thus able to estimate the trans¬ 
ference number of the bromide ions in the poly electrolyte. Subtracting 
this quantity from unity, we obtain a value for the tran^erence number 
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N-t- of the polycation. The results of this calculation are given in 
Table V. The agreement with the V values calculated on the basis of 
an entirely different set of assunqitions (15) (except the neglect of 
interionic forces) is surprisingly good. This consistency must, of 
course, be due to condensation of errors because the neglected 
interionic terms are quite large at a dielectric constant of 30, even 
at ion concentrations of the order of 2 x 10~^, the highest estimated 
in Table V. Conq)aring relative values, however, it is interesting to 
note that the calculated transference number is higher for the poly salt 
of higher degree of polymerization; since friction coefficient increases 
less rapidly than DP, we would e]q>ect mobility to be higher for the 
same degree of dissociation for the polyion of higher molecular 
wei^t. 


TABIE V. Transference Numbers of Polycations 


10 =*c 

TTo/lOOw 

YA' 

N* 

0.563 

0.049 

Salt 612 

2.60 

0.30 

1.027 

0.047 

2.49 

0.27 

1.854 

0.046 

2.44 

0.25 

2.751 

O.OU2 

2.22 

0.29 

5.046 

0.040 

2.12 

0.27 

0.621 

0.038 

Salt 4115 

2.02 

0.46 

0.769 

0.036 

1.91 

0.49 

1.062 

0.036 

1.91 

0.48 

1.721 

0.031 

1.64 

0.54 

2.745 

O.03O5 

1.62 

0.53 

4.165 

0.029 

1.54 

0.54 

5.660 

0.027 

1.43 

0.56 

7.827 

0.027s 

1 46 

0.53 


The addition of polyelectrolyte to lithium bromide solutions 
results in a decrease of conductance, as shown in Table IV. This 
result can be accounted for on the basis of the observed osmotic 
pressures in the mixed electrolytes. There we found less than an 
average of one free bromine ion per polyion; due to the high concen¬ 
tration of charge in the polyion, it could hold more than a stoichiometric 
equivalent of bromide ions and the unpaired lithium ions would then 
contribute to osmotic pressure. This extra immobilization of bromide 
ions would then result in a decrease of conductance. A similiar result 
has been observed in the case of gelation: Rettig (24)found that the con¬ 
ductance of gelation-salt mixtures was less than the conductance of the 
salt solution when salt was in excess. 
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Synopsis 

The osmotic pressures of two samples of poly-4-vinyl-N-n- 
butylpyridonium bromide (average D. P. 730 andl900)were measured 
in 93% ethanol in the concentration range 0.02-0.20 g./lOO cc. The 
osmotic pressures were higher than those of the corresponding parent 
polymers, due to partial dissociation of bromide ions. Because (d the 
low dielectric constant ( c ’ = 28) of the solvent and the high concen¬ 
tration of positive charge in the polycations, however, a large fraction 
of the bromide ions ( ^ 95%) were bound by electrostatic attraction 
to the cations and contributed neither to osmotic pressure nor to 
conductance. Unlike neutral polymers, the ratio (osmotic pressure 
over concentration) increases with diliition, due to increasing dis¬ 
sociation with dilution. Addition of an excess of a simple one-one 
electrolirte (lithium bromide) almost completely siq>pressed the 
dissociation of the polysalt and gave osmotic pressures of the same 
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order of magnitude as those of the neutral polymers. The resulting 
curves were linear, with a considerably smaller slope than for the 
parent polymer. Combining the results on osmotic pressure with 
conductance data, the transference numbers of the polycations were 
estimated to be 0.28 and 0.52 for degrees of polymerization 730 and 
1900 respectively. The conductance of lithium bromide is decreased 
by the addition of these polyelectrolytes, possible due to the as¬ 
sociation of an excess of anions to the polycations imder the influence 
of their electrostatic fields. 


Risume 

Les pressions osmotiques de deux e^chantillons de bromure de 
poly-4-vinyl-N-n-butylpyridonium (D.P. moyen: 730 et 1900) ont ete 
mesur^esen solution dans I'alcool ethylique 93% a ces concentrations 
variant de 0.02 ciO.2 gr. dans 100 cc. Les pressions osmotiques sont 
plus elevees que celles des polym^res correspondants, dont ils 
derivent, a cause de la dissociation partielle des ions bromures. A 
cause de la faible constante di^lectrique du solvant ( e' = 28), et a 
causedel'accumulationdechargespositlvesdans les polycations, une 
grande partie des ions bromures ( >95%) restent toutefois attaches 
par attraction ^lectrostatique aux cations, et ne contribuent done ni a 
la pression osmotique ni a la conductivite. Contrairement aux poly- 
meres neutres, le rapport (pression osmotique/concentration) 
s'accroitavec la dilution, par suite d’une dissociation progressive par 
dilution. Par addition d'lm exc^s d'un electrolyte simple univalent 
(bromure de lithium) on peut supprimer pratiquement de fa 9 on 
complete cette dissociation du poly electrolyte, et la pression osmoti¬ 
que l'onobtlent,estdura@meordrede grandeur que celle du poly mire 
neutre. Les courbes resultantes sont linlaires; la tangente a cette 
droite est notablement plus faible que celle pour le polymere, dont 
le polyelectrolyte derive. En combinant les resultats de pression 
osmotique avec ceux de la conductivite, on trouve des nombres de 
transport pour les polycations, egaux a 0.28 et 0.52 pour les de^res 
de polymerisation 730 et 1900 respectivement. La conductivite du 
bromure de lithium est diminuee par addition de ces polyelectrolytes, 
peut-etre par suite d'une association d'un exces d'anions ver les 
polycations, sous I'influence du leurs champs electrostatiques. 


Zusammenfassung 

Die osmotischen Drucke von zwei Proben von Poly-4-Vinyl-N-n- 
Butylpyridoniumbromid (durchschnittlicher Polymerisationsgrad 730 
und 1900) wurden in 93%igem Ethylalkohol in dem Konzentratlons- 
bereich 0.02-0.20 g./lOO cm.® gemessen. Die osmotischen Drucke 
waren hoeher als die der entsprechenden Ausgangspolymerisate wegen 
teilweiser Dissozlation der Bromid-Ionen. Wegen der niedrigen 
dielektrischen Konstante (€' = 28) des Loesemittels und der hohen 
Konzentration der positiven Ladung in den Polykationen, war ein 
Grossteil der Bromid-Ionen ( >95%) durch elektrische Anziehungs- 
kraefte an die Kationen gebunden und trug infolgedessen weder zum 
osmotischen Druck noch zur Leitfaehigkeit bei. Im Gegensatz zu 
neutralen Polymerisaten steigt das Verhaeltnis des osmotischen 
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Druckes sur Konzentr^ion mlt Verdueimung, wegen der steigendra 
Dlssozlatlon, an. Zugabe eines Ueberschusses einfacher ein-ein- 
wertiger Elektrolyte (Lithivim-Bromld) unterdrueckte fast gaenzlich 
die Dissoziation des polymerischen Salzes und ergab osmotische 
Drucke derselben Groessenordnui^ wie die neutralen Polymerisate. 
DieaufdieseWeiseerhaltenen Kuryen waren linear und betraechtlich 
flacher als die des Ausgangspolymerisates. Auf Grund der osmotischen 
Druck> undLeitfaehigkeitsdatenwurden die Uebertragungszahlen der 
Polykationen auf 0.28 und 0.52 geschaetzt, fuer Polymerisationsgrade 
von 730 und 1900. Die LeitfaehigkeitvonLithium-Bromidwird durch 
Zugabe dieser Polyelektrolyte verringert, moeglicherweise wegen 
der Assoziation des Ueberschusses von Anionen unter dem Einfluss 
des elektrostatischen Feldes der Polykationen. 
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INTRODUCTION 

Consld^rons une chaine moleculalre qui, pour la simplicity de 
I'eTqposI, sera constitule par suite d'atomes de carbone lies entre 
eux par des liaisons simples (1). 



Figure 1 

Nous avons reprisente sur la figure 1 les positions des centres 
dequatreatomessuccessifs de la chaine; si les points C^.j, 
sont choisis dans le plan de la figure, le point peut prendre, par 
suite del'agitation thermique des positions differentes situees sur le 
cercle baseducdne dont le demiangle au sommet aest egal au 

siqipllment de I'angle de valence. Dans le cas d'lme chaine aliphatique 
a s 70*^9, cos ec = M = 1/ 3 et I'intervalle entre deux atomes successifs 
C| et appele longueur du chainon, est constant et egal a; 

a = 1.54 A. 

Nous repirons les positions de cercle par les valeurs 

correspondantesde I'angle B que font entre eux les plans de la figure 
et le plan defini par Ci-i, Ci+l, Ci+i. ^ 

Par suite del'agitation thermique une thaine molecvilaire com- 
prenantNchainonsprenddes configurations diverses et I'un des pro- 
blemesfondamentaux est de determiner I'ecart quadratique moyen 8* 
entre les extr/mitys Cq et de la chaine. 

n est Clair que la valeur de 8* depend de a, de a et de la loi 
de r^artition statistique de chaque centre tel que sur le cercle 
de base du cone de valence. 

Le cas le plus simple est celui ou toutes les positions sont pos* 
sibles et egalement probables, c.iLd. celui des rotations dites "libres. ” 
II a yte examine par Guthet Mark (?) et par W. Kuhn (3), qui ont etabli 
\ partir d'un resultat de Eyring (4) que; 


i-u 

o\i fi= cos oc dans le cas ou N est tres grand devant I'unity. 
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Dans lecasgenerairexpressionconQUl^edonneepar Eyring (4) 
et aussi par Delange (5) est la suivante: 

.a a N(1 - H*) - 2U + 2li ^ 

6 = a . . — ' '- l*) 

(1 - u) 

Dans lescasdeschainescarbon^esou l/31es valeursde S* 
calculeesparVeiqpressionl donnei^ un resultat qui differs par exc^s 
de moins de 10% de la valeur calculee par I'expression 2 quand N devient 
superieur $ 10. L'equation 1 represents done ainsl, dans le cas des 
rotations libres, une approximation largement suffisante. 

Mais I'etude des vapeurs d'hydrocarbures defalble masse mole« 
culaire montre qu'en general toutes les positions de I'atome de car> 
bone sur le cercle de base du c$ne de valence ne sont pas egalement 
probables et 11 doit en @tre de mSme dans le cas des solutions. 

En general k chaque valeur de B correspondra une energie in¬ 
terne W different. Si, par example, on stq)pose que dans la solution, 
laposition "trans" correspond a un minimum de W, cette position sera 
favoriseeparmi toutes les autresetil s'en suivra que I'^art sera 
plus grand que dans le cas des rotations libres. 

Nous nous proposonsdedonnercidessous une breve analyse des 
resultats obtenus. 

Nous remarquerons d'abord que, dans le cas des rotations libres 
les valeurs moyennes: 

n = cos B 
e ' sin B 


pour toutes les positions de sont nicessairement nulles. U n'en 
est plus dememe dans les cas ou les rotations ne sont plus libres. Si 
la distribution des positions de chaque point sur la base du c 8 ne 
estsymetriquepar rapport au plan Cj.i, Cj, le coefficient e est 
nul et 8 ^ dependra uniquement de a de et de 17 ; e'est le cas que 
nous envisagerons. 

Lecalculde I'ecart quadratique moyen entre les extremites de 
la chaine se divise ainsi en deux parties. 

1. Exprimer la valeur de 8 ^ correspondant i une valeur donn4e 

de rf . 

2. Exprimer la valeur de 17 correspondant a une distribution de 
I’energie interne W(B). 

CALCUL DE 8 * EN FONCTION DE 17 . 

Quand 17 est assez petit pour que 17 ‘ soit negligeable devant 
I'unite^ (chdihe a rotation presque libres) Tun de nous ( 6 ) avait deja 
montre que I'on a: , . 

= -ii(l+2n) <3) 

1 - 

r/ etant positif ou negatif selon que la position trans ou cis est fav- 
orisle. Dans le m^me travail le cas oppos4 avait examine; e'est 
celui ou la chaiuieprlsente des configurations tresvoisines de la con¬ 
figuration tendue au maximum, c.^d. du zig-zag planaire de longueur 
L s Na cosset I'on avait montre alors que: 

, f 2N *a 1 

s • L ji - 


( 4 ) 
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Un peu plus tard Benott (7), s'aj^uyant sur un travail in^dit de 
P. Debye r^solut le probllme dans sa g^neralite et montra que, pour 
une valeur quelconque de tj comprise entre -1 et +1 on avait: 


*/JLZ-i 
1 ^.- 




\ j ^ 1 “ ^ 2 

ou et S, sont les valeurs prises par S: 


N (1 - X*) - 2 \ + 2 \ 
(1 - X)® 


N+l 


(5) 


( 6 ) 


quand on renqilace Xpar et X, racines de I'^quation: 

X* - ufi - n)X - Ti = 0 (7) 

Presque simultanement d'allleurs H. Kuhn ( 8 ) et Taylor (9) proposalent 
la formule: 

6 < . 

1 - n 1 - n 


valableseulementpour les valeurs de qui ne sont pas tres voisines 
de I'unitI et dont laformvile 3 represents une :q)proximation immediate. 

LesformulesS, 6 , et 7 resolvent done entierement le problems 
tandis que lesformulesdeSadron (pour t) voisinde zero ou de I'unite), 
H. Kuhn et Taylor (pour non voisin de I'lmite) representent des ap¬ 
proximations que I'on retrouve d'allleurs ^ partir des equations 5, 6 , 
et 7. 

Nous croyons utile de montrer comment les resultats approches 
donnSs par I'equation 8 s'ecartent des resultats exacts. Pour cela 
nous repr^senterons, pour diff^rentes valeurs de N, les valeurs de 
8 /a calculies en fonction de par les deux formules (Figs. 2 et 3). 

Ledomalnede validity de I'equation 8 s'^tend au fur et i mesure 
que N augments mais il rests Evident que lorsque 17 tend vers I'unite, 
la valeur S^donn^e par I'equation 8 tend vers I'lnfini et non pas vers 
carre de la longueur finie du zig-zag planaire. 



Fig. 2. valeurs de 6 /a en fonct 
Ion de r\ pour N ° 10 , 25 , et SO; 

-fornule rlgoureuse, — fora 

ule approchSe. 



mt/KT 


Fig. 3 . Valeurs de 6 /a en fonct¬ 
ion de r\ pour N * 50 , 100 , 500 , 

et 1000 ; -formule rlgoureuse, 

--- formule approche'e. 
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Pour lUustrer cette discussion nous donnons cidessous la for* 
muleSqui n'est qu'une autre manlire d'6crlre les formules 6,7 et 8: 


.a 


- 2 -3- 

» I - n 1 - n (1 - (1 - n) 


![2n + >1(1 ♦ !)♦ 


[n*(i - n) + n(2u + 1) + n* 

Dn et ^ant respectivement €gaux a: 


)»n) 


(9) 


Xl - Xa 


et 


N-l N-1 

\l — Kg 


Le d^veloppement de 8^ en fonction de 1 - i; est alors; 

- '■-“'(i-ir)'-’" *••■} 

Enfin,avantd'en terminer avec ce chapitre nous remarquerons 
quepourdesvaleursdeNassez grandes I'lquation 5 ou 8 se met sous 
la forme: 


( 10 ) 


b*N 


avec: 


1 + a 1 + T) 


1 - u 1 - n 


( 11 ) 

( 12 ) 


Pour une chaine de Gauss nous savons que la probabilite pourque 
I'6cartentrelesextr4mit4s soit comprls entre r et r -t- dr est donn^e 
par la formula: 


P(r)<>r 




a -3r72X* 
4nr e dr 


(13) 


avec: 


6* - r® - / r*P(r)dr = 

% * ® 

On pourra que, done des que la formula 11 est appliciable, la 
loide repartition de la distance entre les extrlmites de la chauie est 
donnee par la formule 13 ou I'on fait X = 8*. On retrouve ainsi le re¬ 
sult dej^ donnl par W. Kuhn (3) et par Guth et Mark (2) pour les 
chames a rotations libres. 

CALCUL DE i^A PARTIR DE LA FONCTION DE 
REPARTITION W(B) DE L'fNERGIE 


Dans nos travaux anterieur s nous avlons admis que la r^artitlon 
de I'^iergie preisent^t un minimum pour la position "trans" et que 
I'on pouvalt en premiere approximation poser: 


W » — (1 - cos B) 

2 

Dans ces conditions I'un de nous a montre (1) que I'on a: 



(14) 


(15) 


(mis /-1, K est la constants de Boltzmann, T la tenqierature ab- 

solue, 1 et J. les fonctions de Bessel d'ordre 0 et 1. 

0 1 
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MalsH. Kuhn (8)et surtout Taylor (10) ont consid^r^ un casplus 
general et saw doute plus pres de la r^alite en admettant que la re¬ 
partition del'energie-W en fonction de B, tout en restant symStrique, 
presente troisbarrieresde potential: I'unepour B - irles deux autres 
pour B voisin de i ir/3. C'est ainsi que Taylor pose: 

W(B) --ylxd - cos B) ♦ (1 - X)(l - cos 3 B)| ( 16 ) 

0 ^ X ^ 1 

Pour X = 1 onretrouvelar^artitiondefinie par I'equation 14, fig. 4a, 
pour X = 0 on trouve 3 barrilres de potential egales (fig. 4b) et pour 



B 


W 


180 -120 -60 0 60 120 160 

B 

Figure 4 

0 < X < 1 on a le cas intermediaire illustrS par la figure 4c pour X 
s 0.5. La valeur de -q depend alors de Wq et X et peut 9tre calculee 
par la statistique de Boltzmann. La figure 5 donne les valeurs de f) 
en fonction de Wq/KT pour X = 0.2,0.5,0.8, etl. II faut remarquer que 
*lorsqueles3barrieresdepotentielsont%ales, le coefficient t) est nul 
quel que soit Wq/KT. 



%/KT 

Figure 5 

CALCUL DE 8 * 

Connaissant ainsi les valeurs de 8 ‘ en fonction de r} d'une part 
etcellesde en fonction de Wq/KT et X d^lnissant la repartition de 
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I'^nergie, 11 est possible de calculer S* en fonction de ces deux par- 
am^res. C'est ce qu'ont fait Taylor et H. Kuhn de fa;on ai^roch^, 
alnsi que nous I'avons vu. Les r^sultats rlgoureux obtenus partir 
des formulas exactes, et les resultats approches sont donnas par les 
figure 6 e^ 7 ou nous avons porti les valeurs de 8/ a en fonction de Wq/ KT 
pour dlHerentes valeurs de N dans les deux cas o^ X - 1 et X » 0.5. 




Fig. 6 a. Valeurs de 6 /a en fonct¬ 
ion de fg/KT pour N » 10 , 25 , et 

50 (X “ I): -foruule rlgour- 

euse, •— fornule approchfe. 


Fig. 6 b. Valeurs de 6 /a en fonct¬ 
ion de Wq/KT pout N • 50 , 100 , 500 , 

et 1000 (X * 1 ):-fornule rig- 

oureuse, --- fornule approcb^e. 



Fig. 7 a. Valeurs de 6 /a en funct¬ 
ion de fp/KT pour N = 10 , 25 , et 

50 (X ■ 0 . 5 );-fornule rlgour- 

euse, --- fornule approche'e. 



Fig. 7 b. Valeurs de 6 /a en fon¬ 
ction de Wq/KT pout N • 50 , 100 , 
500 , et 1000 (X = 0 . 5 ):—iorn- 
ule rlgoureuse, --- fornule ap- 
procbde. 


C es figures permettent de determiner f acilement le domaine de vallditi 
des formules approch^es. Avant d'enterminer nous dfisirons presenter 
quelques remarques sur les consequences pratiques de la formula 
pr&ellente. 

1. Pour obtenlr les valeurs num€riquesde 8* il est n^cessaire 
de connalltre les valeurs de Wq et X. Taylor et H. Kuhn utilisent les 
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donn^^dePttzer (ll)obtenuessurlescarbures aliphatiques normaux 
par I'^ude des spectres d'absorption infrarouge et des coefficients 
thermodynamiquesdesv^eurs. Nous ne pensons pas que cette man- 
idre de voir soit corrects car alnsi que nous I'avons signals plusieurs 
fols Wq est function de la nature du solvent employ^ et d'autant plus 
grand que meilleur est le solvant. 

2. Onpeutrelier la valeur de a celle de la viscosite intrin- 
s^que de la solution, ainsi qu'd celle de sa constants de diffusion 
brownienneenemployantune methode de "particule ^uivalente" de- 
veloppee par divers auteurs et en particulier par I'un de nous ( 12 ). 
Rappelons seulement que la methode de la particule equivalente 
appliquSeauxvariationsdela viscosity et de la constante de diffusion 
de translation en function de la temperature et du degrS de polymer¬ 
isation N permet en principe de determiner Wq et X. 

3. U convient de remarquer que Ton a admis implicitement 
jusqu'icique le facteur Wq est independant de N et de T et ne depend 
que du solvant. ^ette hypothese constitue une approximation dont la 
validity rests d ^ablir. 

Eneffetlecalculde tel qu'ilaete conduit, ne fait intervenir 
que lesinteractions entreleschmnonsd'ordres i et i + 2. Or ainsi qui 
I'ont fait remarquer de nombreux auteurs et tout recenunent Simha 
(13) I'encombrement des atomes constituant lachaine empeche celle-ci 
de prendre les configurations fortementpelotonnees qui seraient pos¬ 
sible pour un squelette sans Spaisseur. 

II s'en suit que pour la chafne reele doit'etre superieur a la 
valeur calculee ci-dessus et ceci d'autant plus que 17 est plus petit. 

Onpeut done essayerde tenir compte de cet effet en ajoutant au 
terme W envisage ci-dessus, un terme supplementaire W, pouvant 
etre a priori function de N et de T.^ 

De plus une deuxieme raison a ^esignalee par I’un de nous (12); 
Si I'on admet que I'on puisse, en moyenne, delimiter la region de 
I'espaceousetrouvelachaune par une surface fermiee (fig. 8 ) on peut 



distinguerl'exterieur, constitue par du solvant pur et I'interieur, con- 
stitu^ par une solution des N chainons de la cha^ne. Comme la sur¬ 
face fermeejoueapproximativementle role d'lme surface limite entre 
la solution et le solvant 11 dolt s'exercer sur cette surface des ten¬ 
sions dirigees de I'interieur vers I’exterieur. En effet, on peut ad- 


480 


H. BENOIT ET CHARLES SADRON 


mettre queleschauionsquisetrouveiitala surface llmite sent soomis 
en moyenne a une attraction provenant de I’extirieur (solvant pur) 
siqp^rieure a celle qui provient^de I'lnt^rieur, (solvant contenant les 
Chacons). Xcette tension svqjplementairedevradone correi^ndre un 
terme siq>pl^mentaire ^ ajouter li Wq etWi. Ce terme depend deN 
et de T. ^ 

4. Enfin nous disirons attirer I'attention sur certaines coj^se- 
quences de ce qui prTO^de relativement ^ la prec4>itation des chaines 
a partir de leurs solutions. 

Cette precipitation peut ^tre accomplie par deux procides dif- 
fbrents: abaissement de la ten^erature de la solution ou a4}anction 
d'une precipitant. 

II est Clair que ces deux proc^dls ne sont pas equivalents et 
conduisent X des^ resultats differents. Supposons en effet c^ue nous 
abaissonsconsider^lement la temperature d'une solution tres eten- 
due. 

Admettonstout d'abord que W(B) soit du t 3 rpe simple donne par 
I'equation 14. Ueffet du refroidissement serad'augmenter Wq/KT, done 
de tendre cheque chauie en zig-zag planaire. Si cet effet est obtenu 
au moment delaprecipitation, lesparticules du precipite seront vrai- 
semblablement constituees par la juxtaposition de ces zig-zag plan- 
aires en couches paralllles. Elies presenteront ainsi I'aspect d'un 
petit cristal f^rtement anisotrope. Admettons maintenant qu'il ex- 
iste des barrieres de potentiel du type de la figure 5c. Lorsque la 
temperature est suffisamment basse I'agitation thermique est insuf- 
fisantepour que les barrieres de potentiel puissent €tre franchies et 
dans ce caslaformelimlt^^delachainen'estplus un zig-zag planaire. 
La configuration de la chaine est obtenue en supposant que I'on ait Ui 
atomes Ci dans lescreuxl (fig. 4c), et 2n2 dans les creux 2. Ensup- 
posant que tous les creux 1 se trouvent ^ un bout de la chaSbe et tous 
lescreux2iPautreboutonobtient: ■ o.66a*(ni * an,) Ensupposant 

au contraire que la repartition est reguliire on obtient la formula 
sq)prochee: 


avec ft-= 1/3. 


n est vraisemblable que la valeur correspondant a une repartition 
au hasard est comprise entre ces deux valeurs. Et en appliquant la 
statistique de Boltzmann et les resultats deja cites de Taylor: 


"i 


Tiff 



a/2 

1 (3 - 4X) * 

3 (3 - 3X)*'* ’ 


Dans ce cas il se peut que les particul^ du precipite pr^sentent un 
aspect cristallin moins net que si la chaine se tend en zig-zag plan¬ 
aire (X = 1). 

Supposons maintenant que nous ajoutions un pr^ipttant dans la 
solution maintenue ^temperature constants. L'effetde I'operation est 
dediminuerWQ, c'est a dire de faciliter I'agitation thermique jusqu'a 
ce que les rotations soient pratiquement libres. Si cet effet est Ob¬ 
tenu au moment de la pr^ipltation celle-ci ne fournit plus de par- 
ticules cristalliSMS mats un floculat ayant I'aspect d'un gel. 
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then, the higher the degree of cross>linking the lower the elongation 
at which some of the chains become sufficiently oriented to undergo 
crystallization. Such crystallization Increases the effective degree 
of cross-linking (14) of the chains involved and consequently the degree 
of crystallinity increases more rapidly with further elongation of the 
sample. The ultimate degree of crystallinity is rapidly attained, the 
retractive force rises steeply and npture occurs at an elongation 
which may be related, qualitatively at least, to the elongation for 
incipient crystallization. Therefore, as the degree of cross-linking 
increases, both the elongation for incipient crystallization and the 
ultimate elongation decrease in roughly parallel fashion. 

The relationship between the orientation of the network structure 
andthe elongation may be approached from consideration of the action 
of an elongation on the set of "chain displacement" vectors, each of 
which leads from one cross-linkage to the next along the same chain. 
On stretching the sample, this set of vectors is distorted from a 
spherical to an ellipsoidal array. H the sample is stretched to the 
relative length oc , it is readily shown that the fraction of the vectors 
elongated by the factor k or greater is given by: 

= 1 - [(K*a - l)/(a® - n]*'* (3) 

which function only gradually approaches until with increase in oc for 
a given value of K = 1. It is to be noted that is independent of the 
degree of cross-linMng. Only those chains which are sufficiently 
oriented and elongated (the processes of orientation and elongation 
being mutually related) are potentially capable of participating in the 
formation of crystallites. The fraction of the chains meeting this 
requirement clearly will depend sharply on a. Hence, an Increase 
in the degree of cross-linking lowers the elongation at which some 
of the structure may crystallize, but the fraction which is sufficiently 
oriented to participate in the formation of crystallites, even at the 
breaking elongation, is diminished*. According to the hypothesis that 
tensile strength is directly related to the fraction of the structure 
oriented sufficiently to allow it to participate in the formation of crys¬ 
tallites, the tensile strength should exhibit a corresponding decrease as 
the degree of cross-linking is increased, in accordance with observa¬ 
tion at degrees of cross-linking beyond the maximum in the curve. 

The increase in the tensile strength which accompanies rise in 
testing temperature iq) to about 100”C. according to certain results 
(15) cited by Gee (3) also may be e}q)lained on the basis of the above 
considerations. In accordance with the conclusion reached by Gee in 
this connection, an increase in temperatiire shifts the onset of crystal¬ 
lization to a higher elongation where a larger fraction of the chains 
are sufficiently oriented to undergo crystallization. Ultimate elonga¬ 
tions were observed (15) to increase with the temperature also. 

At higher degrees of cross-linking (i.e., beyond px 100 = 3.0 
for the hlgb molecular weight rubber) ripture presumably occurs 
before the onset of crystallization. In these higher vulcanizates the 

*The deformation of the residual noncrystalline polymer between 
incipient crystallization and ultimate nq)ture of the sample introduces 
a complication not considered above. The discussion given is intended 
to be qualitative only. 
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force at retraction rises rapidly with elongation in accordance wi^ 
the theory of rubber elasticity (in the absence of crystallisation) and 
may exceed the inherent strength of the material before it is rein¬ 
forced by crystallisation. This idea, mentioned previous^ by one 
of the authors (6), has been develc^ed in considerable detail by Gee 
(3) who suggests it as the major factor responsible for the decline 
in the tensile strength beyond the optimum degree of cross-linking. 
In our opinion, however, it assumes Importance only under conditions 
such that the observed tensile strength is very low, e.g., at degrees 
of cross-linking well beyond the maximum in the tensile strength 
curve, for very low primary molecular weights, or at temperatures 
(or dilutions) such that the tensile strength is only a few hundred 
poundsper square inch. The steep decline occurring near p xlOO » 3.0 
in the curve shown in Figure 2, and the corresponding intimation of 
a break in the curve of Figure 3, may be indicative of the degree of 
cross-linking beyond which crystallization on stretching vanishes. 

Effects of Foreign Units on Tensile Strength 

The results obtained with the ethyl azodicarboxylate modified 
vulcanizates (Table IV; also shown in Figure 2) demonstrate that 
modification of iq> to 7% of the isoprene units with a substituent which 
is three times the size of the isoprene unit reduces the tensile strength 
relatively little. Previous enq)hasis (3,6) on the influence of small 
percentages of foreign units on the crystallinity and hence on the 
tensile strength appears to be unwarranted. Some other e]q;>lanation 
is required for the decrease in tensile strength of vulcanizates from 
butyl rubber having 1.0 or more mole per cent of diolefin as compared 
with vulcanizates from butyl polymers having half this proportion of 
the unsaturated vuiit (6). Likewise, it now appears highly unlikely that 
the tensile strength of rubber vulcanized with sulfur and an accelerator 
is materially affected either by cyclization or by non-cross-linking 
reactions with sulfur, as has been suggested by Gee (3). 

According to recent investigations into the nature of crystal¬ 
lization in polymers and copolymers, (16,17) introduction of foreign 
units at random along the polymer chain will lower the temperature 
for incipient crystallization, or "meltingpoint", but alarge depression 
requires a correspondingly large proportion of the foreign unit; the 
effect of the foreign units in the polymer chain resembles that of an 
impurity on the melting point of a monomeric substance. The degree 
of crystallinity at a given temperature below the melting point is 
suppressed to a somewhat greater extent. The most decisive effect 
of an occasional foreign unit which is incsqiable of entering the crystal 
lattice is the limitation of the lengths of the crystallites which may be 
formed. In the light of these considerations, the observed behavior of 
the EAO modified vulcanizates suggests that crystallites of great 
length are unnecessary for the realization of high tensile strength, and, 
furthermore, that the actual degree of crystallinity is not of direct 
importance. Thecrystallitespresumablyenhancethe tensile strength 
by "cementing" adjacent chains together laterally at various regions 
along their lengths. Ajq>roximately the same tensile strength appar¬ 
ently may be achieved through the participation of each chain of the 
copolymer (i.e., partially modified polymer) in a number of shorter 
crystalline regions as through the presence of a fewer number of 
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long crystallites in the unmodified polymer. Accordingto the present 
results this remains true despite the much smaller degree of 
crystallinity to be e]q>ected in the copolymer. Hence, it is the fraction 
of the chains of the network structure which are indeed to enter into 
crystallite formation at one or more regions along their lengths which 
is in^ortant, rather than the actual* degree of crystallinity. At 
sufficiently high degrees of modification of the chain units, the tensile 
strength may fall to a low value owing principally to depression of the 
melting point to the extent that little or no crystallization occurs on 
stretching. 

The above conclusions are corroborated by the rather small 
effect of random copolymerization on the tensile strengths of high 
melting oriented polyamide and polyester fibers (18). Although the 
tensile strength generally decreases somewhat with increasing 
proportions of the comonomer, the capacity for exhibition of high 
tensile strengths by no means destroyed even in 1:1 random copoly¬ 
mers. The residual elongation of the fully drafted fibers is appreciably 
increased by copolymerization, however. 

Over-Cure and Ageing in Rubber Vulcanized with Sulfur 
and Accelerators 

When the curing period is prolonged in the conventional vulcani¬ 
zation of rubber, or if the vulcanizate is heat aged, the tensile strength 
passes through a maximum beyond which it decreases with further 
heating. In the light of the above results, this decrease in tensile 
strength, commonly referred to as ’’overcure,’* cannot be attributed 
to modification of the chain units as suggested by Gee (3). The 
continued formation of cross-linkages or the occurrence of chain 
scission (or both) would, however, e^lain the observed decrease. 

The "modulus," or force of retraction, of many compounds 
similarly passes through a maximum and then declines with further 
heating. Accordingto the theory of rubber elasticity, the equilibrium 
force of retraction should be proportional to (19) 

(1 - 2M/Mc) ~ (1 - 2/OXn) 

The so-called phenomenon of "reversion" of the cure may therefore 
be due either to rvq)ture of previously formed cross-linkages (a 
decrease in p ), or to chain scission which causes M, and x„, to 
decrease. Simultaneous decreases in both tensile strength and 
"modulus" of highly cross-linked vulcanizates (i.e., beyond the 
maximum in Figure 2) indicates unambiguously, therefore, that chain 
scission takes place. Other changes, such as a decrease or Increase 
in the degree of cross-linking, may of course occur simultaneously. 
It is to be noted that the elastic modulus and the tensile strength are 
affected differently by variation in Xn> this being evident from the 
above eiqpression and the discussion given in the preceding sections. 
Hence, characterization of the rubber by its force of retraction alone 
is inadequate. 

Gee (3) has shown that two vulcanizates prepared from different 
compounds but cured for times such that they exhibit the same force 
of retraction at a given elongation will generally exhibit quite different 
tensile strengths. The lack of a direct correlation between tensile 
strength and modulus for rubber i^ecimens vulcanized with different 
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accelerators seems to be general, and it again points to the occurrence 
of differing degrees of chain scission. 

While quantitative results are as yet quite limited, it is now 
clearly indicated that the apparently irrational dependence of various 
physical properties of vulcanized rubber on the complexities of the 
recipe and time of cure can be resolved logically in terms of two 
extremely simple structure variables: the degree of cross-linking 
and the primary molecular weight. A third variable, the degree of 
modification of the chain units, now o[>pears to be of trivial importance, 
at least insofar as tensile strength is concerned. 
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Synopsis 

Tensile strengths of natural rubber sanq)les quantitatively cross- 
linked with decamethylenedis-metlqrl azodicarboxylate have been de¬ 
termined. The proportion of the azo vulcanizing agent was varied 
80-fold, the fraction p of cross-linked units in the products rangingfrom 
O.lOx 10'* to 8.0 X 10'*. In spite of the small dimensions of the test 
specimen (cross section0.10in. by about 0.005 in.), the average error 
for a single Observation is similar to that obtained in conventional 
testing procedures aiqplied to specimens vxilcanized with sulfur and 
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accelerators. Deviations from the mean for 262 tests on 15 different 
cures are well r^resented by a Gaussian error fxmction; a slight 
intimation of skewness is evident only at the extremities of the 
distribtuion of deviations. These results are incompatible with the 
commonly held view that ng)ture of the sample takes place at the 
"weakest link" in the series of flaws inevitably occurring along the 
specimen. It would ^pear that the ability to withstand tensile stress 
(sq;>plied in a specified maimer) is an inherent characteristic of the bulk 
material. The rapid increase in tensile strength with the degree of 
crosslinking p for small values of this quantity is consistent with the 
conclusion, previously reached in the investigation of the physical 
properties of butyl rubber (6) that the tensile strength is directly 
related to the fraction of the structure which is permanently oriented 
by stretching. At higher degrees of cross-linlting (at /> x 100 = 1.0 to 
1.5, depending on the molecular weight of the rubber) the tensile 
strength passes through a maximum and then declines steadily 
to quite low values for higher p *s. This adverse effect of higher 
degrees of cross-linking is believed to result from the diminished 
elongation at which crystallization sets in and, hence, the smaller 
fraction of the network elements sufficiently oriented to participate 
in crystallite formation. Modification of up to 7% of the isoprene units 
of the rubber with the monofunctional compound, ethyl azodicarb- 
oiqilate, depresses the tensile strength of the disazo vulcanized 
rubber relatively little. Evidently, the limited extent to which these 
modified (or copolymer) chains may enter into crystallization is 
adequate to bring about high tensile strength. Lack of direct cor¬ 
relation between modulus and tensile strength for rubbers vulcanized 
with various sulfur-accelerator combinations can only be eiqplained 
by assuming that conventional vulcanization processes are accom¬ 
panied to varying degrees by chain scission reactions. When vulcan¬ 
ized rubber is "over-cured," or heat aged, chain scission becomes 
excessive. 


Resume 

La tension a I'etirement d'echantillons de caoutchouc naturel, 
quantitativement ponte par le dis-m^thyl-azocarboxylate de deca- 
methyl^ne, a Ite d^terminee. La proportion d’agent vulcanisant a 
vari6 du sin^ile a quatre-vingt fols sa valeur, la fraction ^ des unites 
pont^es atteignant de 0.10 x 10'^ i 8.0 x 10’^ Malgre les falbles 
dimensions de I'Ichantillon ^udie (section de 0.10 in. sur 0.005 in.), 
I'erreurmoyenned'une observation determines est semblable a celle 
obtenue dans les proce^d^s conventionels appliques aux ^chantillons 
vulcanises aumoyen de soufre et d'accelerateurs. Les deviations de 
la moyenne pour 262 essais sur 15 preparations differentes sont 
r^resentles par une function de Gauss; une legere tendance a la 
deviation est seulementevldente aux extremit^s des distributions des 
deviations. Ces resultats sont incompatibles avec 1* idee gen^ralement 
admise que I'echantillon se rompt a I'endrolt de liaison plus faible, qui 
se presentent inivitablement sans xm echantillon. II se^mble que 
1 'aptitude a.'fesister a une force d'^tirement soit une propriety carac- 
teristique Inherente au materiel. L'accroissement rapide de la tension 
d'^irement avec le degr^ de pontage pour de f aibles valeurs de celle-ci 
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est en accord avec la concltision, anterieurement formulee dans les re- 
cherches sur les proprletes physiques du caoutchouc butyllque (6), 
savoir que la tension d'etirement est directement li^e a lafraction de la 
structure qui est orient^e de fa^on permanente par ^tirement. 
Auxdegresdepontages plus Sieves ( p x 100 a l.O jusque 1.5, suivant 
le poids mol^culaire du caoutchouc) la tension d'lUrement passe par un 
maximum, ensuitediminue constamment jusqu'a des valeursnotable- 
ment plus basses our des p pluselev^es. Cet eHet inverse des degrSs 
depontageselevessembleresulter de la diminution de I'elongation, "k 
laquellelacristallisationdebute,etd’une quantity relative plus petite 
des Elements du reseau, orientes suffisammeid pour participer k la 
formation decristallites. Enmodifiant les unites isopreniques jusqu'a 
7% par un compose monofonctionnel, le axodicarboxylate^d'lthyle, on 
ne provoque qu'une legere diminution de la tension a I'^irement de 
ces caoutchoucs, vulcanises par le compose disazoique. Evidemment, 
la quantity limlteie avec laquelleceschmnes modifi^es (ou ces copoly> 
mdres) peuvent entrer en cristallisation, est favorable k I'obtention 
de forte tension a I'etirement. Le manque de correlation directeentre 
le module et la tension a I'etirement pour des caoutchoucs vulcanisls 
avec divers melanges soufre-acc6ierateur, peut uniquement ^tre 
expliqueenadmettant que les precedes habituels de viilcanisation sont 
accompagnes a des degr6s variables, de reactions de scission de 
chmne. Quand le caoutchouc vulcanise est soumis k une preparation 
tre^ longue, ouvieilli^la chaleur, les nqptures de chaines devlennent 
trop importantes. 


Zusammenfassung 

Die Zv^estigkeiten von Naturgummiproben, die quantitativ durch 
Decamethyl-Azocerboxylat vernetzt warden, sindfestgestelltworden. 
Das Verhaeltniss des Azo-Viilkanisationsreagenzmittels wurde 80 
fach variiert, wobei die Fraktion vernetzter Ketten in den Produkten 
zwischenO.lOundlO'^ lag. ObgleichderPruefstabkleineDimensionen 
hatte, (Querschnitt 0.10" x 0.005")warderDurchschnittsirrtumeiner 
Einzelbeobachtung aehnlich dem, der unter konventionellen Pruef ungs> 
methoden mit Schwefel \md Beschleunigern vulkanisierter Proben 
erhalten wird. Abweichungen vom Durchschnitt fuer 265 Pruefungen 
und 15 verschiedene Aushaertungen werden durch die Gauss'sche 
Irrtximsfunktion gut dargestellt nur die Verteilung extremer Abweich¬ 
ungen ist etwas unsymmetrisch. Die Ergebnisse sind unvereinbar 
mit der haeufig vorkommenden Ansicht, dass der Bruch einer Probe 
im schwaechsten Gliede einer Serie von Fehlstellen, die unvermeid- 
licherweise in der Probe vorkommen, stattfindet. Man muesste 
annehmen, das die Faehigkeit, einem Zuge zu wiederstehen, (wenn 
er in einer gegebenen Weise ai^ewandt wird) eine Eigenschaft des 
Stoffes ist. Die schnelle Zunahme an Zugferti^eit mit dem Grade 
der Querverbindung fuer kleine Werte dieser Qualitaet ist mit dem 
Schlusse, der frueher in Untersuchungen physikalischer Eigen- 
schaftenvonButylgummi(6)gezogenwurde, vereinbar, dass naemlich 
die zugfestig^eit direkt von der Fraktion der Struktur abhaengt, die 
durch Dehnen permanent orientiert wird. Bei hoeheren Vernetzungs- 
graden (beip x 100 zwischen 1.0 und 1.5 je nach dem Molekular- 
gewichtdesGummis)geht die Zugfestigkeit durch einen Maximalwert 
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undverringertslchdannununterbrochenbis zu ganz niedrigen Werten 
bei hbhen p's. Dieser nachteilige Einfluss hoher Querverbindungs- 
grade ist wahrschelnlich eine Folge der verringerten Dehnung, bei 
derKristalUsatloneinsetzt,und demgemaess, der Idelneren Fraktion 
der Vernetzen Glieder deren Orientierung gross genug ist, um sie 
an der Kristallisation teilnehmen zu lassen. Modifizierung bis zu 
7% der Isq)renglieder von Gummi mit der monofunktionalen Verbin- 
dung Aethyl Azodicerboj^lat drueckt die Zugfestigkeit des dis>azo 
vulkanisiertenGummis nur relativwenigherab. Offensichtlich genuegt 
dasbegrenzte Ausmass,in dem diese modifizierten (oder Mischpoly- 
merisat.) Kettenander Krystallisation teilnehmen koennen, um hbhe 
Zugfestigkeit sicherzustellen. Oer Mangel an Korrelation zwischen 
Modulund Zugfestigkeit fuer Gummis, die mit verschiedenen Zusam- 
menstellungenvon Schwefel und Beschleunigern vulkanisiert vmrden, 
kann nur durch die Annahme, dass konventionelle Vulkanisierungen von 
verschiedentlich weitgehenden Kettenspaltungsreaktionen begleitet 
Sind, gedeutet werden. Wenn vulkanisierter Gummi "ueberhaertet" 
wird, Oder bei hoher Temperatur gealtert wird, findet eine ueber> 
maessige Kettenspaltung statt. 
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INTRODUCTION 

The osmometer has been one of the standard tools of research 
In physical chemistry for well over a century (1). Theoretical 
interpretation began with van't Hoff’s (2) treatment of Pfeffer's (3) 
data, which led to the well-known analogy between the behavior of 
molecules in solution and that of the same number of molecules in 
the same volume as gas. Deviations from ideal behavior for various 
real solutions were observed and eventually accounted for in a 
satisfactory way. Herzog and purlin (4) were pioneers in the study 
of the osmotic pressure of synthetic high polymers: they found that 
the osmotic pressure of benzyl cellulose solutions in methyl glycol 
acetate was linear in concentration below 1% of solute by weight, but 
that the deviations from ideal behavior were very large. Subsequent 
investigators (5,6) showed that this behavior was a general character¬ 
istic of substances of high molecular weight; using a model suggested 
by Meyer (7), Flory (8) and Huggins (9) independently showed that the 
deviations from ideality exhibited ^ polymers were due to entropy 
terms which arose from the many possible configurations which a 
chain molecxUe could assume in solution. We are now able to make 
reliable measurements of osmotic pressures of polymeric systems 
and to obtain the molecular weight of the solute from the data. Still 
more important, the variation of the osmotic coefficients with 
concentration and temperature can be correlated with the interaction 
of solute molecules with each other and with those of the solvent. 

Electrolytes proved to be one of the major problems in the 
field of colligatlve properties of substances of low molecular weight; 
it was nearly half a century after van't Hoff's work that Debye and 
Huckel (10) finally succeeded in making a practical calculation of the 
effect of long range interionic forces on thermodynamic properties 
of electrolytic solutions. Likewise, in the field of substances of high 
molecular weif^s, electrolytic compounds present many unusual 
properties when contrasted with neutral polymers. One of the classical 
problems in this field is that of prbteins (11), which are, of course, 
electrolytes of high molecular weight. Lillie (12) found that the osmotic 
pressure of gelatine solutions depended on the concentration of other 
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electrolytes simultaneously present. Later the Importance of the 
isoelectric point of proteins was understood, and Loeb (13) was able 
to account for the change of osmotic pressure of protein solutions 
with electrolyte concentration and pH by means of the Donnan (14) 
equilibrium. The protein situation is, however, complicated by the 
fact that the ionogenicgro«q>sof the protein, carboxyl and amino, are 
weak; hence dissociative eqiiilibria must be considered in calculation. 

Compounds of the t]rpe we have described in earlier papers 
(15>17) of this series permit another approach to the problem of 
thermodynamic properties of polyelectrolytes. Polyvinylpyridine is 
atypical polymer, much like the familiar polystyrene. By the addition 
of alkyl halides, it can be converted into a strong polyelectrolyte of 
known molecular weight and structure. The fact that the resulting 
electrolyte is strong eliminates the difficulties due to the dissociation 
processes characteristic of weak acids and bases, including direct 
hydrolysis or membrane hydrolysis. Synthetic polyelectrolytes offer 
several other advantages over naturally occurring substances as 
research material: (a) they are stable; (b) their structure, within 
reasonable limits, can be varied at will; and (c), nonaqueous solutions 
can be studied. The significance of the first two points in obvious; the 
third will be essential in a general treatment of polyelectrolytes, 
because varying the solvent permits variation of dielectric constant, 
and it is this variable which controls the intensity of Coulomb forces 
which are, in last analysis, re^onsible for the properties which are 
peculiar to electrolytes. Our knowledge to date of the properties of 
polyelectrolytes is almost entirely limited to that of proteins, nucleic 
acids, and polysaccharides in aqueous solution. It is our hope that an 
investigation of the general field will lead to a better understanding of 
the special one. 

The purpose of this paper is to present the results of a prelimi¬ 
nary e]q)erimental study of the osmotic pressures of solutions in 
ethanol of polyvinylbutyl-pyridonium bromides of (number average) 
degreesofpolymelizationTSOandlQOO. It is not possible yet to treat 
the general case of Donnan equilibria for strong polyelectrolytes in 
nonaqueous solvents, because association due to electrostatic inter¬ 
action reduces free ion concentrations below the corresponding 
stoichiometric concentrations and because activity coefficients may 
not be pproximated by unity as is frequently (although incorrectly) 
done in the case of aqueous solutions. We first consider, therefore, 
the case where polyelectrolyte is the only solute. Here, we have one 
of the limiting cases of the Donnan equilibrium where no diffusible 
electrolyte is present (except perhps for small amounts of impurity) 
and the observed osmotic pressure is due to the polyions plus the 
counter-ions which, although small enough to pass through the 
membrane, are retained on the solution side of the cell by the condition 
of electrical neutrality. At a given concentration in the dilute range 
(hundredths of 1% by weight), we find that the osmotic pressure of the 
polysaltisover an order of magnitude greater than that of the parent 
polymer. This pressure is, however, very much lower than the limit 
which would correspond to zero association of counter ions to the 
polycations, whence we conclude that the polymeric ions carry with 
them a significant fraction of bromide ions, held solely by Coulomb 
attraction; By simultaneous measurement of conductance, an estimate 
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of the transference number of the polylon can be made; we find about 
0.3 for the sanq)le of low molecular weight and 0.5 for that of high. 

By the addition of a large excess of a simple one>one salt (lithium 
bromide) to the solution, we obtain another limiting case of the Donnan 
equilibrium where again the observed osmotic pressure is due to the 
nondiffusiblepolyelectrolyte. Inthis case, the association of gegenions 
to the polyion is markedly increased, as is demonstrated by the 
resulting sharp decrease in osmotic pressure. By measuring the 
osmotic pressure of a poly electrolyte in solutions of a simple electro¬ 
lyte as solvent, it may be possible to obtain the molecular weight of the 
polyelectrolyte by extrapolation to infinite ionic strength of added 
electrolyte (18,19). Further work is in progress. 

EXPERIMENTAL 

Materials 

Polvvinylp yridine. 10 cc. of redistilled (18 mm., 68 °) 4-vinyl- 
pyridine were diluted with 500 cc. toluene, and 1.0 g. benzoyl peroxide 
was added. The solution was deoxygenated at room temperature by 
evacuating until the liquid boiled and then admitting nitrogen; this 
step was repeated three times. The mixture (under nitrogen) was then 
placed in a shaking machine in a water bath at 40°. After 21 hours, 
13.7 g. polymer (No. 421) was separated by centrifuging; 1.3 g. 
additional benzoyl peroxide was added, and after deoxygenation, the 
mixture was put back on the shaker for 8 days. The main lot of polymer 
(No. 422) was then centrifi^ed out. The supernatant liquid was 
completely colorless; presence of oxygen produces ayellow color. The 
polymer was twice washed with benzene, dried in vacuum, suspended 
in benzene and stirred for one hour, centrifuged, and finally dried in 
vacuum at 40° for several days. The total yield was 70.4 grams. 
Dumas nitrogen was 13.15%, 13.01%; theoretical 13.32%. 

Viscosities were measured in ethanol solution; the following 
values were found; C = 0.408 g./lOO cc., fisp/C = 2.04; 2.13 at 0.532 
g./lOO cc.; 3.13 at 1.408 g./lOO cc. Due to an error in estimation of 
quantities, the above data are not properly spaced for the conventional 
extrapolation plot for intrinsic viscosity [ 17 ]. Using the equation (20): 

T\sp/c - [t\] + k' [n]*c (1) 

with k* = 0.35, the value we obtained for other polyvinylpyridine (19) 
saiiq>les, we calculate = 1.64 from the two data at low concen¬ 
trations. 

Polyvinyl-N-but ylp yridonium Bromide. One sample of this 
compound was pr^ared from the polymer (No. 422) described in the 
previous paragraph by reaction in nitromethane solution at 55° with 
n-butyl bromide. We designate this as Salt 4115. Bromide was 
determined by potenUometric titration; found, 31.58%, 31.58%; theoret¬ 
ical, 33.00%. Dumasnltrogensgave 5.50%, 5.54%; theoretical, 5.78%. 
The bromide is 95.6% of theoretical and the nitrogen is 95.5% of 
theoretical, so we conclude that each nitrogen carries one ionic 
bromine. We are indebted to Mr. W. N. Maclay of this laboratory 
for these analyses. 
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A solution of Salt 4115 (0.602 g./lOO cc. or 0.0237 equivalents 
bromide per liter) in water of pH 5.84 gave a pH of 3.18, which 
indicates that some side reaction occurred whereby hydrogen bromide 
rather than butyl bromide finally added to pyridine nitrogens. Assuming 
activity equal to concentration, a pH of 3.18 correqtonds to a 
6.6 X 10~* normal solution of acid in the 0.0237 normal polysalt 
solution. 

Another sample oi salt (No. 612) was also studied. This was 
preparedfromthepolyvinylpyrldinedescrlbedinPart H of this series 
(15), which had a molecular weight of 77,000 (DP 730, about one third 
that of salt 4112). 

Ethanol. Stockroom ethanol was redistilled and the density and 
specific conductance were measured. The latter varied from 
0.043 X lO"* to 0.073 x 10"*, which was about 5% of that of the most 
dlltite solution of polyelectrolyte studied. 

Lithium Bromide Solution. We used Elmer and Amend C. P. 
lithium bromide, undried. A sample weighing 245 g. was dissolved in 
92.5%ethanol,filtered, and made up to a total of 3109 g. with ethanol. 
Potentiometric titrations gave an average of 0.7104 moles lithium 
bromide per kilogram solution. From these data, we calculate that 
the final solvent was 90.9% ethanol. The density of the solution at 
28.0° was 0.856; using the temperatxire coefficient of ethanol, this 
gives 0.858 for the density at 25°, whence we find that the solution 
was 0.610 normal in lithium bromide. 

Apparatus 

The osmometer used in this investigation was that described by 
Fuoss and Mead (21); we are indebted to the Research Laboratory of 
the General Electric Co., for the loan of this apparatus. It was 
equipped with water jackets (22), through which water, thermostated 
at 25.00° :t0.03, was circulated. 

Membrane corrections were determined in the usual way, with 
solvent on both sides of the cell. One membrane was used for all the 
work herewith reported; its correction was 0.18 cm. for ethanol as 
solvent. With 0.610 N lithium bromide as solvent, the membrane 
correction was erratic during the first two hours after filling the 
osmometer; it then became steady at 0.24 cm. This value was 
reproduced on subsequent fillings. Diffusion of solvent through the 
membrane was about half as fast with the lithium bromide solutions 
as with the ethanol soluitions; readings were accordingly taken at 
60 second, rather than at 30 second intervals. 

In order to check the behavior of the osmometer, we frequently 
left soMlons in the osmometer overnight. As previously pointed out 
(21). low molecular weight polymer will diffuse into the solvent cell 
on standing. But the dynamic reading taken the next morning, without 
changing contents of either half cell, always agreed with the static 
level which the system had arrived at during standing. Another 
convenient working check is the difference between levels for rising 
and falling meniscus, when the rate has reached a definite numerical 
value. For example, with our membrane and ethanol solutions, when 



POLYELECTROLYTES. V 


461 


the meniscus was rising at the rate of 0.080 cm./min., the level was 
always 0.88 cm. below the level at which it would fall at the same 
rate of 0.080 cm./min. (See Figure 3 of Reference 21.) Finally,we 
required that two successive fillings of the osmometer give the same 
^namic osmotic pressure within 0.05 cm. Apparently, some polymer 
is adsorbed on the membrane because we found that the osmotic 
pressure came reproducible after two fillings, if these were allowed 
to stand in the osmometer at least one hour each. U successive 
portions of solution and solvent were introduced, measured, and 
drained in r^id succession, half a dozen or more fillings were 
necessary before reproducible readings were obtained. 

WlthPolymer421, the apparent osmotic pressure dropped about 
10% on standing at least 5 hours, due to diffusion of material of low 
molecular weight to the solvent side. Replacement of the liquid in 
the latter side by fresh solvent always brought the level half-way 
back to the initial value, in accordance ^th our earlier observations. 
We attemptedto determine the actual weight of the diffusible material. 
In one experiment, a solution (1.44 g./lOO cc.) gave an initial osmotic 
pressure of 6.56 cm., which dropped to 6.04 cm. on standing overnight, 
a decrease of nearly 10%. The contents (20 cc.) of the solvent half¬ 
cell were then drained into previously weighed weighing bottle and 
the liquid was carefully evaporated. No detectable residue was foimd; 
i.e., certainly lessthan 0.5 mg. were responsible for the 0.52 cm. drop 
in osmotic pressure. The solution half-cell contains 20 cc., of which 
half is in contact with the membrane; hence about 0.144 g. whole 
polymer were originally present in the solution half-cell adjacent to 
the membrane. To give a 10% decrease in osmotic pressure, the less 
than 0.5 mg. (0.3% of whole polymer) could not possibly have had a 
molecular weight greater than 3000. Actually, the value was probably 
much lower than this, because 0.5 mg. is a very liberal estimate of 
weighing error; had we taken 0.1 mg., for example, the upper limit 
would have been only 600. The impurity might have been benzoic acid 
from the catalyst. In ahy case, this observation suggests that osmotic 
pressures obtained after dialysis of the sample are more representa¬ 
tive of the polymer than are those obtained by the dynamic method 
shortly after filling the osmometer. 

The most convenient units for practical laboratory work are 
pressures v in centimeters of solvent and concentrations w in grams 
of solute per kilogram solution. In these units, the limit of (v/w) at 
zero concentration is 1033 RT/M = 25,280/M, where Mis the number 
average molecular weight. In conventional units (p in g./ cm. *, and C in 
g./100 cc.), the ratio p/C is simply 10 ir /wbecausethe density appears 
in both numerator and denominator on converting units (w = 10 C/P ; 
ir = p/p ). 


RESULTS 

The osmotic pressures of Polymer 4?1 are given in Table I. 
The second column gives Vq, the initial dynamic value of the osmotic 
pressure, and includes the contribution due to diffusible impurity. On 
standing, the osmotic pressure drops to ( tq - Sir ); on refilling the 
solvent half-cell with fresh solvent, the dynamic pressure measured 
immediately rises to ( Wq - Sir /2). On standing, the pressure again 
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drq[>sto( tq > 8t } as half the remaining material of low molecular 
weight diffuses out of the solution half cell. Repetition of this process 
gives afinal (fynamic ami static osmotic pressure * ( Vq ’ 

The values of are given in the third column of Table I; it will be 
noted that ( vq - } is proportional to w, as should be the case if 

the drop is due to a fixed percentage of diffusible impurity. 


TABEB I. Oenotlc Pressures of Polymer 421 In Ifclianol at 


w 

Jto 

^00 

C 

Po/C 

^Jc 

3.05 

0.54 

0.48 

0.243 

1.78 

135 

5.64 

1.27 

1.12 

0.452 

2.25 

1.99 

8.07 

1.94 

1.76 

0.648 

2.40 

2.18 

9.43 

2.49 

2.27 

0.756 

2.64 

2.41 

17.94 

6.35 

5.86 

1.440 

5.54 

5.27 


The data are linear on the conventional plot of pressiire over 
concentration versus concentration; the open circles of Figure 1 
correspond to Pc/C and the solid ones to po. /C. The former extra¬ 
polated to M = 165,000 and the latter to M = 195,000. AseTqplained in 
the previous section, we believe the latter figure to be more accurately 
descriptive of the polymer. Polymer 422 was not significantly different 
from No. 421. Two solutions withC - 0.953 and 0.556 g./100 cc. gave 
Pm /C = 2.72 and2.35, respectively; these values are to be compared 
with 2.65 and2.08, the values interpolated from Figure 1 for No. 421 
at the same concentrations. The density of a pressed disk of poly- 
vinylpyridlne was found to be 1.153 g./cc. Using this value, and the 
slope 1.43 of the p/C - C plot, we find ii= 0.464. 


Fig. 1. Osnotlc Pressures. 
Open circles, initial val¬ 
ues for Polyaer 421; solid 
circles, final values; half¬ 
black circles. Salt 4115 in 
0.610 noraal alcoholic 11- 
thiua broalde solution. 


As might be eipected, the polyelectrolytes gave a much higher 
osmotic pressure at a given weight concentration than the correspon¬ 
ding parent polymers, due to the effect of the counter ions. For 
exanple, the average degree of polymerization of Salt 4115 is 
approximately 1900; if no association occurred, the number of particles 
from a given weight of the salt would be 1901 times those from the same 
weig^ of polymer; 1900bromide ions and one polycation. Actually, the 






POLYELECTROLYTES. V 


463 


pressures were only between 10 and 100 times as large as that of the 
polymer, Indicating a rather high degree of association of counter ion^ 
to polycations. 

The behavior on standing in the osmometer of the polyelectro- 
lytic solutions was markedly different from that of solutions of 
electrically neutral polymers. On standing overnight, the apparent 
osmotic pressure droppedfrom 20 to 3S% of the dynamic value obtained 
at "zero'*tlme (as soon astemperature equilibrium was established 
after filling). But on refilling the solvent half-cell with fresh solvent, 
the pressure rose much more than half the drop. Our tentative 
explanation is that hydrogen bromide was responsible. (We recall 
that the salt gave a slightly acid solution in water.) Pyridine is a very 
weak base and in solution, most of the hydrogen bromide would be 
free to diffuse through the membrane. We have here a case of 
Donnan equilibrium where a small amount of diffusible electrolyte 
is present with a large excess of nondiffusible electrolyte, and where 
practically all of the diffusible electrolyte is driven through the 
membrane, where it then exerts a large counter pressure. On 
refilling the solvent half-cell, the osmotic pressure rises nearly to 
thatcorrespondingtothepolysalt alone. The magnitude of this effect 
is shown in Table n where and lu have the same significance 
as before, while r'is the dynamic (and static) value found for the 
initial filling of the cell after it had remained in the cell for at least 
6 hours but before refilling the solvent half-side of the cell. It will 
be noted that ( linear in w, corresponding to a constant 

percentage of diuusible electrolytic impurity. The values of ( - 

iTa, ) for the poly salt are much smaller than for the parent polymer; 
presumably, most of the impurity of low molecular weight in the latter 
was extracted during the preparation of the salt from the polymer. 

TABLE II. Variation of Osmotic Pressure Due to 
Dialysis 

_ 

_____ Salt 4115 


0.195 

0.58 

0.37 

0.51 

0.880 

0 . 2 U 2 

0.70 

0.48 

0.63 

0.900 

0.334 

1.03 

0.72 

0.91 

0.884 

0.863 

2.46 

1.96 

2.34 

0.952 

1.309 

3.66 

2.93 

3.61 

0.986 

1.779 

4.65 

3.81 

4.43 

0.953 

2.460 

6.60 

5-29 

Salt 612 

6.48 

0.982 

0.177 

0.70 

0.48 

0.64 

0.915 

0.322 

1.3^ 

1.02 

1.21 

0.904 

0.582 

2.49 

2.02 

2.32 

0.932 

0.863 

3.48 

2.86 

3.19 

0.916 

1.583 

6.18 

5.12 

5.77 

0.93^ 
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The membrane correction of 0.18 cm. has been sn>li«S to all 
the data of Table H. As will be shown later in the discussion, there 
is some doubt concerning the proper value of membrane correction 
to be used in the presence of ions; there are indications that it varies 
with electrolyte concentration, and further stucty is needed. 


TABIE III. Conductances of Polyolectralytes in Xthanol at 25* 


10 ® C 

JV. 

10® 0 

A. 


Salt 4115 


Series 

1 

Series 3 

0.3106 

3.938 

0.621 

3 . 75 i 

0 . 7 lfl 6 

3 . 69 e 

0.769 

3 . 75 e 

3.604 

3.3I3 

1.062 

3.66e 

13.093 

2 . 89 a 

1.721 

3.553 

Series 

2 

2.745 

3 . 46 * • 

16 . 14 * 

2.766 

4 .165 

3.32b 

68.96 

1.997 

5 *660 

5.24t 

258.4*’ 

1.433 

7.827 

3.124 


Salt 612 


0.563 

3.703 

2.751 

3.124 

1.027 

3.433 

5.046 

2.929 

1.854 

3.257 



• ‘ 

1.65 



*’ r\f\ ’ 

9.55; p = 

0.833 



Conductances’ were also determined using the same apparatus 
and technique as before (16). In discussion of conductance data, 
weight concentrations (C or w) are meaningless, and it is therefore 
necessary to refer the data to concentrations c, ejqpressed as stoich¬ 
iometric equivalents of bromide ion per liter. The relation between 
the three concentration scales is given by; 

c = lOC/a ” P*/« ^2) 

where p is density and m is the equivalent weight of a monomer unit. 
In Table m, we give the equivalent conductances A of the salts, which 
were calculated from the observed total' specific conductances k by 
the usual definition: 

A- 1000 K/c 

In Series 1, the density of the alcohol was 0.8041, corresponding to 
93. S% ethanol, and the solvent conductance was 0.067 x lO"'. The 
corresponding figures for Series 2 and 3 and for Salt 612 are: 0.8052, 
93.1%, 0.073 X 10-«, 0.8072, 92.4%, 0.043 x lO**; and 0.8066, 92.6%, 
0.048 X lO'*. Different lots of alcohol had slightly different ethanol 
contents, and hence different viscosities and dielectric constants; 

'For discussion of solvent correction, see page 253 of reference (19' 
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effects of these variations are not pertinent to the present discussion. 
Approximate viscosities of two of the most concentrated solutions 
were measured; It will be noted that the relative viscosity Increases 
very rapidly with concentration, reaching nearly 10 In a 6.5% solution. 

In order to determine the effect of the presence of excess simple 
electrolyte on the properties of thepolymeric electrolyte, both osmotic 
pressures and conductances of Salt 4115 were measured in 0.610 
normal lithium bromide solution as solvent. The data are summarized 
In Table IV. It was noted that the osmotic pressures were always 
somewhat erratic for an hour or so after replacing solvent In the 
solution halfrcell with solution, but steady rq>roducible values were 
obtained after about two hours. The itq figures of Table IV therefore 
refer to data taken after this time. On standing overnight, the osmotic 
pressure remained constant or else Increased somewhat. This 
observation supports our guess that the large decrease and subsequent 
large regain for the polyelectrolyte alone (Table n) were mostly due 
to hydrogenbromlde, because the small amoimt of this impurity would 
be invisible in the presence of the large excess of lithium bromide. 
It will be noted that the p/C values (averaged over vq and Va, ) are of 
tha same order of magnitude as those of the neutral polymer. In the 
fifth column of Table IV are given the specific conductances of the 
solutions and in the last, the decrease In specific conductance produced 
by the addition of polyelectrolyte to the lithium bromide solution. 


TABIE IV. Properties of Salt I+II 5 in O.6IO N Alcoholic 
Lithium Bromide Solution 


c 

^0 

rtce 

p/c 

lO^K 

-103 Ak 

0.000 

- 

- 

(O.90) 

7.563 

0.000 

0.512 

0.54 

0.41 

1.02 

7 . 5 '+! 

0.022 

0.586 

0.77 

0.77 

1.15 

7.510 

0.055 

0.846 

1.22 

1.27 

1.26 

7.448 

0.115 

1 . 14 ? 

1-75 

1.75 

1.51 

7.447 

0.116 


From the specific conductance of the lithium bromide solution 
used as solvent, we calculate A= 12.40 for lithium bromide at 0.610 
normal in ethanol. By Walden's rule we estimate Aq for this salt to 
be 82.5; hence there is also considerable ion association of the univalent 
ions in this solvent. 


DISCUSSION 

It is first necessary to comment on the membrane correction for 
the data on the polyelectrolytes. We found 0.18 cm. with ethanol on 
both sldesofthemembrane,and0.24cm. withO.610 N lithium bromide 
solution on both sides. In Figure 2, we have plotted the p/C data for 
both polymeric salts; the ipper curve for each salt gives the data 
based on Wo values (cf. Table II) without membrane correction and 
the lower curve gives the p/C values based on Vq, using a membrane 
correction of 0.18 cm. As might be e}q>ected, there is no significant 
difference at higher concentrations. But in the range of low concen¬ 
trations, the corrected curve for Salt 4115 is considerably flattened, 
and for Salt 612, a maximum around 50 mg./100 cc. spears. The 
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latter certainly is fictitious because the limit at zero concentration 
for p/C must be approximately^ 1000 and the curve must necessarily 
be concave-iqpward. It thus ^ears that 0.18 cm. is an over-correction 
for membrane assymetry and we shall disregard the correction for 
the present. 



Fig. 2. Osmotic pressures of polyelectrolytes. 

Right-black circles, Salt 612, uncorrected init¬ 
ial values; left-black circles, salt 612, correct¬ 
ed Initial values. Open circles. Salt 4115, un¬ 
corrected Initial values; solid circles. Salt 
4115, corrected Initial values. 

One Other source of error must be mentioned; the small incre¬ 
ment Airof osmotic pressure ( wq -ni, ) which we tentatively ascribe to 
residual Impurities. Again, this error becomes negligible at higher 
concentrations, but affects the shape of the curve at low concentrations. 
As seen in Ta^le H, Av is approximately constant, and its effect is 
obviously one which increases with decreasing concentration on ap/C 
plot. Since the conductance data necessarily include contributions from 
electrolytic impurities, we shall use the Vq values for comparisons 
between these two sets of data. 

Regardless of these two uncertainties, three significant differ¬ 
ences between the p/C curves for the polyelectrolytes and those of the 
parent polymers are obvious, on comparing Figures 1 and 2. First,the 
magnitude of the osmotic pressure of the polyelectrolytes is by far 
greater; for example, at 0.2 g./lOO cc. (the highest concentration 

^In the h]rpothetical limit of zero concentration, no bromide ions 
would be associated with the polycation; hence a poly salt with degree 
of polymerization n would ^ve (n + 1) particles, and the limiting 
osmoticratiowouldbe(p/C)o = 2.53xlOV(1/m + 1/M)»?.53 x 10®/m, 
where mis the molecular weight of the monomer unit. Since m = 242.2, 
and the compoimd analyzed to 95.2% theoretical bromide, the effective 
monomer weight is then 242.2/0.952 = 254. Practically, this limit 
cannot be reached because at any low but finite concentration, the 
positive field of the polycation is enormous, and a certain number of 
anionswillbe associated with the cations. In other words, the solution 
will act as if to each molecule of polyelectrolyte, there corre^onded 
(n - m + 1) particles, where m changes only extremely slowly with 
concentration. A similar paradox has been discussed for the case 
of conductance; cf. p. 257 of Ref. (15). 
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measured for the polysalt and the lowest for the polymer), the p/C 
values are, req;>ectively, 28 and 1.8. Second, the osmotic pressure- 
concentration ratio of the polysalt Increases with dilution while that 
of the polymer decreases. Third, the p/C - C plots are linear for the 
polymer and curved for the poly electrolyte. These characteristics 
are, of course, to be e]q>ected for a salt of the type under consideration. 
The osmotic pressure Is high, because each free bromide ion which is 
not bound to (or in) a polycation by Coulomb forces contributes just 
as much to osmotic pressure as a single macromolecule. As dli iiti nn 
increases, more and more bromide ions escape from the electrostatic 
fields of the large positive ions, and the osmotic pressure increases 
correspondingly. Finally, since electrostatic forces are involved, 
linearity in the first power of concentration is not to be expected, 
because neither concentrations of free ions nor activity coefficients 
are linear in concentration. 

Dissociation of the polyelectrolyte in alcohol is far from 
complete, as in evident from the disparity between 1000, the theoretical 
limit of p/ C and the observed values of 30-50. Even at this range of 
dielectric constant, however, it is interesting to note that the salt of 
lower molecular weight gives the higher osmotic pressure ^f. Figure 2) 
at a given weight concentration. It should be emphasized that this is not 
due to the same cause which operates inthe case of neiitral materials, 
where a given weight contains more (whole) molecules of material of 
lower molecular weight. Rather, the higher osmotic pressure of the 
polyelectrolyteof lower molecular weight is due to the greater number 
of bromide ions free at a given concentration due to its relatively 
weaker electrostatic field. In other words, the Coulombic binding 
capacity for bromide ions is greater if a given weight of polycation 
is present as fewer, but larger more highly charged units. 

When an excess of simple one-one electrolyte is added to the poly¬ 
salt, we would expect a marked decrease in osmotic pressure because 
the excess of counter ions would in the limit completely suppress 
the dissociation of the polyvalent electrolyte. As shown in the lower 
curve of Figure 1, this is precisely what happens when 0.610 normal 
lithium bromide solution is used as the solvent for Salt 4115. The 
osmotic pressure is depressed below that of the parent polymer and 
the curve is now linear, extrapolating to an intercept of 0.90, with 
a much smaller slope (larger fi value) than that of the neutral polymer 
in ethanol. If, on the average, one free bromide ion were present for 
each molecule of polyelectrolyte, the p/ C intercept for the polysalt 
in lithium bromide solution would be a little lower than 1.30, that for 
the parent polymer; 1.30 x (105)/(242/2) = 1.13. K suppression were 
complete, the lntercq>ts for Polymer 421 and Salt 4115 should be in 
the inverse ratio of the weights of the monomer units, 242/105 = 2.30, 
which would correspond to an Intercept of 0.57 for the salt. Actually, 
they are in the ratio 1.30/0.90 = 1.45, indicating that on the average 
less than one free bromide ion is present per molecule of polyelectro- 
lyte. tt will be interesting to stu(fy the osmotic pressures of poly¬ 
electrolytes in different concentrations of added salt, to see if an 
extrapolation to "infinite concentration" of added electrol 3 d:e will 
give the molecular weight of the polyelectrolyte, in analogy to our 
result for viscosity U8). We also plan to study the dependence of the 
slq;>e on concentration and type of added electroljrte. 
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The coiuhictance curves for the two salts (612 and 4115) are 
shown in Figure 3. For comparison, our previous data (15) for 
another sanq>le of electrolyte (Salt H) pr^ared from the same parent 
polymer as Salt 612 are also shown. The curve for Salt 61? is lower 
by about 10% and not quite parallel to the previous curve; we can 
offer no eiqplanation for this discr^ancy. More eiq>erience in 
preparation and purification of salts is obviously needed. One 
significant difference between Salts 612 and 4115 appears: in our 
working range of concentrations, Salt 4115 shows a marked curvature 
on a log A > log c plot, while the data for Salt n give a linear plot. 
The log A - log c plot must eventually become concave to the concen¬ 
tration axis for all salts; the range of concentration where this will 
occur will depend on molecular weight. Until more data are available 
on a wider variety of systems (especially with fractionated materials), 
it seems pointless to speculate further. 



Fig. 3. Conductance curves. Solid circles, data 
of Reference (15); open circles, Salt 4115; half¬ 
black circles, salt 612. 

The oehavior at the higher concentrations gives some infor¬ 
mation regarding local hydrodynamics in these solutions. The 
macroscopic viscosity of the most concentrated solution was nearly 
ten times that of the solvent, while that at one sixteenth the concen- 
tration was less than double. (Cf. Table m.) Still, no corresponding 
sharp drop in conductance occurs in this range of concentration. We 
can only Interpret this to mean that the ions find a different (lower) 
resistance to their motion from that which we measure with a 
cqiillary viscometer. The situation recalls the old observation (23) 
that the conductance of potassium chloride in gelatin solution does 
not undergo a sharp change when the solution sets to a gel. 

If we neglect the electrostatic effects of interionic forces, we 
may obtain an upper estimate for the "degree of dissociation" of the 
polyelectrolyte by classical methods. If the electrol]rte were 
coixwletely dissociated, we would have v/w = 25273/m 9t 100 and 
on ofir assumption then, the value of v/w is approximately equal to 
100 1 , the degree of dissociation. Using Walden's rule, we estimate 
the equivalent conductance A' of the bromide ion in our ethanol to be 
53. The product lA* then gives the contribution of the bromide ion 
to the total conductance, and we are thus able to estimate the trans¬ 
ference number of the bromide ions in the polyelectrolyte. Subtracting 
this quantity from unity, we Obtain a value for the transference number 
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N+ of the polycation. The results of this calculation are given in 
Table V. The agreement with the f values calculated on the basis of 
an entirely different set of assumptions (15) (except the neglect of 
interionic forces) is surprisingly good. This consistency must, of 
covirse, be due to compensation of errors because the neglected 
interionic terms are qvdte large at a dielectric constant of 30, even 
at ion concentrations of the order of 2 x 10~^, the highest estimated 
in Table V. Conq>aring relative values, however, it is interesting to 
note that the calculated transference number is higher for the poly salt 
of higher degree of polymerization; since friction coefficient increases 
less rapidly than DP, we would expect mobility to be higher for the 
same degree of dissociation for the polyion of higher molecular 
weight. 


TABIS V. Transference Numbers of Polycations 


lO^c 

ttq/IOOw 

YA' 

N^ 


Salt 

612 


0.565 

0.049 

2.60 

0.50 

1.027 

0.047 

2.49 

0.27 

1 . 85 lt 

0.046 

2.44 

0.25 

2.751 

0.042 

2.22 

0.29 

5.046 

0.040 

2.12 

0.27 


S€llt 

4115 


0.621 

0.058 

2.02 

0.46 

0.769 

0.056 

1.91 

0.49 

1.062 

0.056 

1.91 

0.48 

1.721 

0.051 

1.64 

0.54 

2.745 

O.05O5 

1.62 

0.55 

4.165 

0.029 

1.54 

0.54 

5.660 

0.027 

1.45 

0.56 

7.627 

0.0275 

1 46 

0.55 


The addition of polyelectrolyte to lithium bromide solutions 
results in a decrease of conductance, as shown in Table IV. This 
result can be accounted for on the basis of the observed osmotic 
pressures in the mixed electrolytes. There we found less than an 
average of one free bromine ion per polyion; due to the high concen¬ 
tration of charge in the polyion, it could hold more than a stoichiometric 
equivalent of bromide ions and the unpaired lithium ions would then 
contribute to osmotic pressure. This extra immobilization of bromide 
lonswouldthen result in a decrease of conductance. A similiar result 
hasbeenobservedinthecaseof gelation;Rettig(24)fo\md that the con¬ 
ductance of gelation-salt mixtures was less than the conductance of the 
salt solution when salt was in excess. 
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Synopsis 

The osmotic pressures of two san^les of poly-4-vinyl-N-n- 
butylpyridonium bromide (average D. P.730 and 1900) were measured 
in 93% ethanol in the concentration range 0.02-0.20 g./100 cc. The 
osmotic pressures were higher than those of the corresponding parent 
polymers, due to partial dissociation of bromide ions. Because of the 
low dielectric constant ( c' s 28) of the solvent and the high concen¬ 
tration of positive charge in the polycations, however, a large fraction 
of the bromide ions (^ 95%) were bound by electrostatic attraction 
to the cations and contributed neither to osmotic pressure nor to 
conductance. Ihillke neutral polymers, the ratio (osmotic pressure 
over concentration) increases with dilution, due to increasing dis¬ 
sociation with dilution. Addition of an excess of a simple one-one 
electrolyte (lithium bromide) almost completely suppressed the 
dissociation of the poly salt and gave osmotic pressures of the same 
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order of magnitude as those of the neutral polymers. The resulting 
curves were linear, with a considerably smaller slope than for the 
parent polymer. Combining the results on osmotic pressure with 
conductance data, the transference numbers of the polycations were 
estimated to be 0.28 and 0.52 for degrees of polymerization 730 and 
1900 respectively. The conductance of lithium bromide is decreased 
by the addition of these polyelectrolytes, possible due to the as¬ 
sociation of an excess of anions to the polycations under the influence 
of their electrostatic fields. 


Resume 

Les pressions osmotiques de de\ix echantillons de bromure de 
poly-4-vinyl-N-n-butylpyridonium (D.P. moyen: 730 et 1900) ont ete 
mesur^es en solution dans I'alcool ethylique 93% a ces concentrations 
variant de 0.02 i 0.2 gr. dans 100 cc. Les pressions osmotiques sont 
plus elevees que celles des polym^res correspondants, dont ils 
derivent, a cause de la dissociation partielle des ions bromures. A 
cause de la faible constante dielectrique du solvant ( e’ = 28), et a 
cause del'accumulationdechargesposltivesdans les polycations, une 
grande partle des ions bromures ( >95%) restent toutefois attaches 
par attraction llectrostatique aux cations, et ne contribuent done ni a 
la presslon osmotique ni I la conductivlte. Contrairement aux poly- 
meres neutres, le report (presslon osmotique/concentration) 
s'accroitavec la dilution, par suite d'une dissociation progressive par 
dilution. Par addition d'un excis d'un electrolyte simple univalent 
(bromure de lithium) on peut supprimer pratiquement de fa 9 on 
complete cette dissociation du poly electrolyte, et la presslon osmoti¬ 
que 1'on obtient,estdum8meordrede grandeur que celle du polymIre 
neutre. Les courbes resultantes sont lindaires; la tangente a cette 
droite est notablement plus faible que celle pour le polymere, dont 
le polyelectrolyte derive. En combinant les resultats de pression 
osmotique avec ceux de la conductivlte, on trouve des nombres de 
transport^our les polycations, egaux a 0.28 et 0.52 pour les de^r^s 
de polymerisation 730 et 1900 respectivement. La conductivlte du 
bromure de lithium est dlminuee par addition de ces polyelectrolytes, 
peut-ltre par suite d'une association d'un exces d'anions ver les 
polycations, sous I'lnfluence du leurs champs electrostatiques. 


Zusammenfassung 

DieosmotischenDruckevon zwei Proben von Poly-4-Vinyl-N-n- 
Butylpyridoniumbromid (durchschnittlicher Polymerisationsgrad 730 
und 1900) wurden in 93%igem Ethylalkohol in dem Konzentrations- 
bereich 0.02-0.20 g./lOO cm.’ gemessen. Die osmotischen Drucke 
waren hoeher als die der entsprechenden Ausgangspolymerisate wegen 
teilweiser Dissoziation der Bromid-Ionen. Wegen der niedrigen 
dielektrlschen Konstante (e' = 28) des Loesemittels imd der hohen 
Konzentratlon der positiven Ladung in den Polykationen, war ein 
Grosstell der Bromid-Ionen ( >95%) durch elektrische Anziehungs- 
kraefte an die Kationen gebunden und trug infolgedessen weder zum 
osmotischen Druck noch zur Leitfaehigkeit bei. Im Gegensatz zu 
neutralen Polymetisaten steigt das Verhaeltnis des osmotischen 
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Druckes sur Kbnzentration mlt Verduennung, wegen der stelgenden 
Dissozlation, an. Zugabe elnes Ueberschusses einfacher eln>ein« 
wertiger Elektrolyte (Lithium-Bromid) unterdrueckte fast gaenzlich 
die Dissozlation des polymerischen Salzes und ergab osmotische 
Drucke derselben Groessenordnung wie die neutralen Polymerisate. 
Dieauf dieseWelseerhaltenen Kurven waren linear und betraechtllch 
flacher als die des Ausgangspolymerisates. Auf Grund der osmotischen 
Druck- undLeitfaehigkeitsdatenwurden die Uebertragungszahlen der 
Polykationen auf 0.28 und 0.52 geschaetzt, fuer Polymerisationsgrade 
von 730 und 1900. Die Leitfaehigkeit von Lithium-Bromid wird durch 
Zugabe dieser Polyelektrolyte verrlngert, moeglicherweise wegen 
der Assoziation des Ueberschusses von Anionen unter dem Einfluss 
des elektrostatlschen Feldes der Polykationen. 


Received September 1, 1948 



journal of Polyner Science 


Vol. nr. pp. 473-483, 1949 


Complements il l*Etude de la Statistique des Chaines 
Moieculaires en Solution Dilute 
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INTRODUCTION 

Consid4rons une chaine moleculaire qui, pour la simplicity de 
1 'expos!, sera constltuye par suite d'atomes de carbone lies entre 
eux par des liaisons simples ( 1 ). 



Figure 1 

Nous avons reprlsente sur la figure 1 les positions des centres 
dequatreatomessuccesslfs de la chaine; si les points Ci.j, C|, 
sont cholsis dans le plan de la figure, le point peut prendre, par 
suite del'agitation thermlque des positions dlfferentes sltuees sur le 
cercle baseducdne dont le demlangle au sommet aest egal au 

suppllment de I'angle de valence. Dans le cas d'une chaine allphatique 
a s 70°29, cos tc = M-l/S et I'lntervalle entre deux atomes successlf s 
Cf et sppele longueur du chainon, est constant et egal a; 

a ' 1.54 A. 

Nous repyrons les positions de C|42 cercle par les valeurs 

correspondantesde I'angle B que font entre eux les plans de la figure 
et le plan definl par Ci-i, Ci+i, Ci+i. ^ 

Par suite del'agitation thermlque ime chaine moleculaire com- 
prenantNchainonsprenddes configurations dlverses et I'un des pro- 
blemesfondamentauxestdedyterminerl'ecart quadratlque moyen 8* 
entre les extr/mitys Cq et de la chaine. 

U est clalr que la valeur de 8 * dypend de a, de a et de la lol 
de rypartition statistique de chaque centre tel que C|^| sur le cercle 
de base du cone de valence. * 

Le cas le plus simple est celui ou toutes les positions sont pos¬ 
sibles et ygalement probables, c.iLd. celui des rotations dites "llbres." 
II a yte examine par Guthet Mark (?) et par W. Kuhn (S), qui ont etabli 
il partlr d'un re^sultat de Eyrlng (4) que; 


6” - JJ»* 


l*u 

1-H 


ou /is cosoc dans le cas ou N est tr^s grand devant Punit!. 


(1) 
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Dans lecasgenerall'e]q)ressioncoiiipl^edonneepar Eyrlng (4) 
et aussi par Delange (5) est la suivante: 

. . »» - I.’) - 

(1 - U) 

Dans les casdes chaines carbon^es ou 1/S les ^aleursde 8 * 
calculeespar I'eiqpression 1 donnent un resultat qui differs par exc^s 
de moins de 10% de lavaleur calculee par I'e^qpression 2 quand N devient 
superieur S 10. L'equation 1 represents done ainsi, dans le cas des 
rotations libres, une approximation largement sxiHisante. 

Mais I'etude des vapeurs d'hydrocarbures defaible masse mole> 
culaire montre qu'en general toutes les positions de 1 'atoms de car- 
bone sur le cercle de base du edne de valence ne sont pas egalement 
probables et il doit en @tre de mSme dans le cas des solutions. 

En general k chaque valeur de B correspondra une energie in¬ 
terne W different. Si, par exemple, on siq)pose que dans la solution, 
lapositlon "trans" correspond a un minimum de W, cette position sera 
favorisee parmi toutes les autres et il s'en suivra que I'ecart 8 * sera 
plus grand que dans le cas des rotations llbres. 

Nous nous proposonsdedonnercidessous une breve analyse des 
resultats obtenus. 

Nous remarquerons d'abord que, dans le cas des rotations libres 
les valeurs moyennes; 

ri = cos B 
e * sin B 

pour toutes les positions de sont necessairement nulles. Il n'en 
est plus dememe dans les cas ou les rotations ne sont plus libres. Si 
la distribution des positions de chaque point sur la base du c 6 ne 
estsymetriquepar rapport au plan Cj.i, Cj, Cj+j le coefficient e est 
nul et 8 2 dependra uniquement de a de et de i;; e'est le cas que 
nous envisagerons. 

Lecalculde I'ecart quadratique moyen entre les extremites de 
la chaine se divlse ainsi en deux parties. 

1. Eiqprimer la valeur de 8 ‘ corres^ondant i une valeur donn^e 

de q . 

^ 2. Exprimer la valeur de 77 correspondant a une distribution de 

I’energie interne W(B). 

CALCUL DE 8 * EN FONCTION DE t) . 

^Quand ij e^ assez petit pour que ij * soit negligeable devant 
I’unite^ (chmne a rotation presque libres) I'un de nous ( 6 ) avait deja 
montre que I'on a: 

6* = Na* -(1 + 2n) (3) 

1 - u 

“rj etsuit positif ou negatif selon que la position trans ou cis est fav- 
orisee.^Dans U mtme travail le cas opposi avait Itl examin§; e'est 
celui ou la chaine prisente,des configurations tresvoisines de la con¬ 
figuration tendue au maximum, c.^d. du zig-zag planaire de longueur 
L = Na cosset I'on avait montrl alors que: 

. f 2 N jS 1 

® * L [1 - y ~ ’^>1 


(4) 
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Un peu plus tard Benoit (7), s'appuyant sur un travail in^t de 
P. Debye risolut le problime dans sa g^neralite et montra que, pour 
une valeur quelconque det; comprise entre -1 et +1 on avait; 


6 * 


«f u 

lx. 


- Xj - X, 

bi - 


\ 2 ^ 1 ^ 2 

ou Si et S, sont les valeurs prises par S; 


s 


N(1 - X*) - 2X * ^ 
(1 - X)’ 


N+l 


(5) 


( 6 ) 


quand on remplace Xpar X. et X, racines de I'Aquation: 

X* - u<i - n)X - n » 0 (7) 

Presque simultanement d'allleurs H. Kuhn ( 8 ) et Taylor (9) prqposaient 
la formula: 

6* - (8) 
1 - M 1 - n 


valable seulementpour les valeurs de 17 qui ne sont pas tres voisines 
de I'unitI et dont la formula 3 r^r^sente une approximation immediate. 

LesformulesS, 6 , et 7 resolvent done entierement le probleme 
tandis que les formulas deSadron^pour rf voisinde zero ou de I'unitI), 
H. Kuhn et Taylor (pour 17 non voisin de I'unite) reprisentent des ap¬ 
proximations que I'on retrouve d'ailleurs partir des equations 5, 6 , 
et 7. 

Nous croyons utile demontrer comment les resultats ^proches 
donnes par I’equation 8 s’ecartent des resultats exacts. Pour cela 
nous representerons, pour diff^rentes valeurs de N, les valeurs de 
8 /a calcul^es en fonction de 17 par les deux formules (Figs. 2 et 3). 

Ledomainede validity de 1'Equation 8 s'^end aufur et dmesure 
que N augments mais il rests Evident que lorsque 17 tend vers I'unit^, 
la valeur 8 <donn^eparl' 6 ^quation 8 tend vers 1 'infini et non pas vers 
L* carr€ de la longueur finie du zig-zag planaire. 



Fig. 2. valeurs de 6/a en fonct* 
Ion de r\ pour N > 10,25, et 50; 

- fornule rlgoureuse, — fora- 

ule approchSe. 



Fig. 3. Valeurs de 6/a en fonct- 
Ion de n pour N » 50,100, 500", 

et 1000; -fornule rlgoureuse, 

--- fornule approchee. 
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Pour iUustrer cette discussion nous donnons cidessous la for* 
mule9qul n'est qu'une autre mani^re d' 6 crire les formules 6,7 et 8 : 


6 ' , 1 + n 1 ♦ n , 2 _ 

8* 1 - u 1 - n (1 - u) (1 - n) 


[2n + u(i + T\*)] !)♦ 


tu®(i - r\) * n( 2 u + 1) + 
Djj et Djj.i ^tant respectivement %aux a: 


(9) 


X? - X* 


et 




^2 


^2 “■ ^2 

Le diveloppement de 8 * en function de 1 - 17 est alors; 

6 ‘ 




( 10 ) 


Enfin, avantd'enterminer avec ce ch^itre nous remarquerons 
quepourdesvaleursdeNassez grandes I'lquation 5 ou 8 se met sous 
la forme: , - 

6® » b N (li) 


avec: 


1 + u 1 + n 


1 - ti 1 - n 


( 12 ) 


Pour une chauie de Gauss nous savons que la probabilite pourque 
I'^cartentre les extrSmiths soit conqpris entre r et r -t- dr est donn^e 
par la formula: 


avec: 


P(r)ar 

6 * 




a -3rVaX‘ 


r e 


dr 


(13) 


* • f r*P(r)dr * X® 

JO 

On pourraque, done des que la formula ll est appliciable, la 
loi de repartition de la distwee entre les extremltes de la chauie est 
donneie par laformule 13 ou I'on fait Xs 8 *. On retrouve ainsi ler^* 
sul^ dejli donne par W. Kuhn (3) et par Guth et Mark (2) pour les 
chaines a rotations libres. 

CALCUL DE t;A PARTIR DE LA FONCTION DE 
REPARTITION W(B) DE L’^NERGIE 


Dans nostravaux anterieurs nous avions admis que la r^artition 
de I'^ergie pr^sent^t un minimum pour la position "trans" et que 
I'on pouvait en premiere approximation poser: 


W ■ — (1 - cos B) (It) 

2 

Dans ces conditions I'un de nous a montre (1) que I'on a: 


n ■ -1 



(15) 


w 1 3 -1, K est la constants de Boltzmann, T la temperature ab* 
solue, et les functions de Bessel d'ordre 0 et 1. 
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MaisH. Kuhn ( 8 ) etsurtout Taylor (10) ont consid^r^ un casplus 
gSh^ral et sans doute plus pres de la r^alite en admettant que la ri- 
paction del'energle-W en fcmctlon de B, tout en restant symStrique, 
presente trots barrieresde potential: I'unepour B tries deux autres 
pour B voisln de ^ tr/S. C*est alnsl que Taylor pose: 

f(B) - cos B) ♦ (1 - X)(l - cos 3B)| (16) 

0$ X $ 1 

Pour X= 1 onretrouve la repartition deflnie par I'equation 14, fig. 4a, 
pour X = 0 on trouve 3 barriires de potentiel egales ^ig. 4b) et pour 



-MO -120 -<0 0 CO eo ISO 


B 



-ICO -120 -so 0 so 120 ISO 

B 


Figure 4 

0 < X < 1 on a le cas intermedialre illustrS par la figure 4c pour X 
s 0.5. La valeur de fj depend alors de Wq et X et peut ^tre c^culee 
par la statistique de Boltzmann. La figure 5 donne les valeurs de t} 
en fonctlonde Wq/KT pourX = 0.2,0.5,0.8, et 1. 11 faut remarquer que 
‘lorsque les 3 barrieresde potentiel sont egales, le coefficient t; est nul 
quel que soit Wq/KT. 



FlgMte 5 

CALCUL DE 8 * 

Connaissant ainsi les valeurs de 8 * en fonction de <7 d'une part 
etcellesde ij en fonction de Wq/KT et X d4flnissant la repartition de 
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P4nergie, 11 est possible de calculer 8* en fonction <te ces deux pw- 
am^es. C'est ce qu'ont fait Taylor et H. Kuhn de faqon approchee, 
alnsi que nous I'avons vu. Les r4sultats rigoureux obtenus partlr 
des formulesexactes, et les resultats approches soid donnas par les 
figure 6 e^7 ou nous avons port^ les valeurs de 8/ a en fonction de Wq/ KT 
pour dlfferentes valeurs de N dans les deux cas ou X s i et X » 0.5. 



Fig. 6a. Valeurs de 5/a en fonct* Fig. 6b. Valeurs de 5/a en fonct¬ 
ion de Wg/KT pour N ° 10,25, et ion de Vg/KT pour N ’ 50,100,500, 

50 (X = 1); -forsule rigour- et 1000 (X • 1);-foriule rlg- 

euse, -— foreule approchee. oureuse, --- fornule approchee. 



Fig. 78. Valeurs de 5/a en fonct- Fig. 7b. Valeurs de 5/a en fon- 

lon de Fg/KT pour N = 10,25, et ction de fg/XT pour N • 50,100, 

50 (X “ 0.5);-forsule rigour- 500, et 1000 (X = 0,5);—fors- 

euse, — forsule approche'e. ule rlgoureuse, — forsule ap- 

procbe'e. 

C es figures permettent de d^erminer f acilement le domalne de validity 
des formules approch4es. Avant d'enterminer nous d4sirons presenter 
quelques remarques sur les consequences pratiques de la formula 
pr4ce^ente. 

1. Pour obtenir les valeurs numl^riquesde 8* il est n8cessaire 
de connailtre les valeurs de Wq et X. Taylor et H. Kuhn utUisent les 
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iotto^s de Pltzer (11) obtenues sur les carbures aliphatiques normaux 
par I'^ude des spectres d'absorption Infrarouge et des coefficients 
thermodynamiquesdesvapeurs. Nous ne pensons pas que cette man- 
lire de voir soit corrects car ainsi que nous I'avons signale plusieurs 
fois Wq est function de la nature du solvent employ# et d'autant plus 
grand que meilleur est le solvant. 

2. Onpeutrelier la valeur de a celle de la viscosite intrin- 
s#que de la solution, ainsi qu'S celle de sa constante de diffusion 
brownienneenemployantune m#thode de "particule equivalente" de- 
velqppee par divers auteurs et en particulier par I'un de nous (12). 
Rappelons seulement que la methods de la particule equivalents 
appliqu#eaux variations de la viscosit# et de la constante de diffusion 
de translation en function de la temperature et du degr# de polymer¬ 
isation N permet en principe de determiner Wg et X. 

3. II convient de remarquer que Ton a admis implicitement 
jusqu'ici que le facteur Wg est independant de N et de T et ne depend 
que du solvant. ^ette hypothese constitue une approximation dont la 
valldit# reste I etablir. 

Eneffetlecalculde 8*, tej^qu'ilaete conduit, ne fait intervenir 
que les interactions entre les chaunonsd'ordres i et i -i- 2. Or ainsi qui 
I'ont fait remarquer de nombreux auteurs et tout recemment Simha 
(13) I'encombrement des atomes constituant lachaine empeche celle-ci 
de prendre les configurations fortementpelotonnees qui seralent pos¬ 
sible pour un squelette sans #paisseur. 

Ils'ensuitque pour la chaifne reele 8‘ doit etre superieur a la 
valeur calculee ci-dessus et ceci d'autant plus que est plus petit. 

Onpeutdoncessayerde tenir compte de cet effet en ajoutant au 
terme W envisage ci-dessus, un terme siqpplementaire W, pouvant 
etre a priori function de N et de T. 

De plus imedeuxieme raison a etesignalee par I'un de nous (12): 
Si I’on admet que I'on puisse, en moyenne, delimiter la region de 
I'espaceousetrouvelachanne par une surface fermiee (fig. 8) on peut 



Figure 8 


distinguerl'exterieur, constitue par du solvant pur et I'interieur, con- 
stltu# par une solution des N chduons de la chafShe. Comme la sur¬ 
face fermeejoueai^roximativementle role d'une surface limite entre 
la solution et le solvant 11 doit s'exercer sur cette surface des ten¬ 
sions dirigees de I'intiriejir vers I'exterieur. En effet, on peut ad- 
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mettre queleschauionsquisetrowrentala surface llmite sent soumls 
en moyenne S une attraction provenant de I'extlrleur (solvant pur) 
supirieure a celle qui provient^de I'int^rleur, (solvant contenant les 
ch^ons). A cette tension stqpplementaire devra done corret^ndre un 
terme suppl^mentaire ^ ajouter A Wq et Wi. Ce terme depend deN 
et de T. 

4. Enfin nous d^sirons attirer Tattention sur certaines coj^se- 
quencesdecequi pr^^e relativement ^ la precipitation des chaines 
a partir de leurs solutions. 

Cette precipitation peut ^tre accomplie par deux procedes dif> 
lerents; abalssement de la teitq>erature de la solution ou acOoaction 
d'une precipitant. ^ 

II est Clair que ces deux precedes ne sont pas equivalents et 
conduisent A des^ resultats differents. Stqtposons en eflet (|ue nous 
abaissonsconsiderablement la temperature d'une solution tres ^ten- 
due. 

Admettonstout d'abord que W(B) soit du type simple donnl par 
I'equation 14. L'effetdurefroidissement serad'augmenter WiylCT, ^nc 
de tendre chaque chsune en zig-zag planaire. Si cet effet est obtenu 
au moment delaprecipitation, lesparticules du precipite seront vrai- 
semblablement constituees par la juxtaposition de ces zig-zag plan- 
aires en couches parallAles. Elies prCsenteront ainsi I'aspect d'un 
petit cristal f^rtement anisotrope. Admettons maintenant qu'il ex- 
iste des bartieres de potentlel du type de la figure Sc. Lorsque la 
temperature est suffisamment basse I'agitation thermique est insuf- 
fisantepour que les barriAres de potentlel puissent €tre franchies et 
dans ce caslaformelimitj^delachamen'estplus un zig-zag planaire. 
La configuration de la chaine est obtenue en siq)posant que I'on ait n^ 
atomes Ci dans les creuxl (fig. 4c), et 2n, dans les creux 2. Ensup- 
posant que tous les creux 1 se trouvent $ un bout de la chafhe et tous 
lescreux2 AFautreboutonobtient: e’’ o.66a’(n^ + 2n,) Ensupposant 

au contraire que la repartition est regulilre on obtient la formule 
approche'e; 


avec /t = 1/3. 


U est vraisemblable que la valeur correspondant a ime repartition 
au hasard est comprise entre ces deux valeurs. Et en appliquant la 
statistique de Boltzmann et les resultats deja cites de Taylor: 


"i 


"s 



8/2 

1 (3 - 4X) 

3 (3 - 3X)*'* 


Dans ce cas il se peut que les particulej| du precipite presentent un 
aspect cristallln moins net que si la chaine se tend en zig-zag plan¬ 
aire (X = 1). , 

Supposons maintena^ que nous ajoutions un precipitant Hang la 
solutionmaintenueAtemperature constants. L'effetde I'i^^ration est 
dediminuerWo, e'estadire de faciliter I'aSgitation thermique jusqu'a 
ce que les rotations soient^pratiquement libres. Si cet effet est 6b- 
tenu au moment de la precipitation celle-ci ne fournit plus de par- 
ticules cristallisees mais un floculat ayant I'aspect d'un gel. 
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Auf dieser Grundlage wurde die Zahlenvertellung, und von ihr abge- 
leitet, die Gewlchtsverteilung der Probe festegestellt. In der hler 
angefuehrten Bei^ielen sind die numerischen Annaehrungsoperatlon> 
en so zeitraubend, dass Ihre allgemeine und unmittelbare Anwendung 
in Frage gestellt 1st. Ole Schwieri^eit ist aber nicht unbedingt der 
Methode eigen und ist in der hier gegebenen Ausfor schung ohne Belang. 

Ein wichtiger Verteil einer Theorie dieser Art koennte darin 
bestehen, dass durch die Verbesserung der arithmetischen Analyse 
der Fraktionierungsgradverringert werden koennte, wodurch die den 
Berechnungen angewandte Arbeit gerechtfertigt wuerde. So zum 
Beispiel, ist eines der schwierigeren Probleme der konventionellen 
Berechnungsmethodc^ wenn Pimkte der kummulatlven Gewichtsfunktion 
gedeutet werden, den oberen Bereich der Probe zu analysieren. Diese 
Schwierigkeitkannbiszu elnemgewissen Grade durch die Herstellung 
einiger sehr kleinen Fraktionen in diesem Bereiche ueberwunden 
werden. Bel Anwendung der vorgeschiagenen Methode verschwindet 
die Notwendig^eit einer feinen Fraktionierung in diesem Bereich. Bel 
einemkuenstlichenVersuch und einer Reihe wirklicher Daten koennen 
Ergebnisse, die von den gewoehnlich gefundenen sehr verschieden- 
sind, existieren. Der kuenstliche Versuch bestand darin, dass am 
Anfang angenommen wurde, dass alle Umstaende in Bezug auf einen 
Stoff wie Cellulose und ihre einmalige Fraktionierung bekaimt sind. Bei 
Anwendung des Zahlendurchschnittes und des Gewichtes als einziger 
Daten wurde dann die Verteilung der Probe mit einzigartiger Praez> 
ision rekonstruiert. Auf der anderenSeite schien es, dass die allgemein 
benuetztenumerische Analyse zu Schluessen fuehrt, die weit von den 
anfangs angenommenen abweichen wuerden. Eine aehnliche Rekon- 
struktion wurde mit einer Reihe piqrsikalischer Bestimmungen durch- 
gefuehrt die in der Teilung einer Probe von entarteter Baumwoll- 
celluloseinfuenf Fraktionen bestand. Der Unterschied zwischen den 
Resultaten des auf Grund der binominalen Annahme, und dem, des 
durch die gewoehnliche Methode erhalten wurde, hatte den gleichen 
Charakter wie in den kuenstlichen Versuchen. 

Es ist sehr wahrscheinlich, dass die gewoehnliche numerische 
Analyse von Fraktionierungsdaten irrefuehrend sein kann. Besonders 
leicht wird sie zu Unterschaetzungen der Menge hochpolymerer 
Fraktionen in der Probe fuehren. 


Received ^ril 27, 1948 
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Li^t Transmission and the Formation and Decay 
of Spherulites in Polythene 


S. W. HAWKINS and R. B. RICHARDS, Imperial Chemical 
Industries Ltd., Research Department, Alkali Division, Northwich, England 


Although some crystalline polymers are transparent, others 
are opaque or translucent below the melting point, and only become 
clear on heating to a temperature close to that at which x-ray 
diffraction or volume and thermal measurements indicate a change 
to an amorphous structure. It is generally considered that in 
crystalline polymers the regions of ordered arrangement of sections 
of the long molecules, the crystallites, have linear dimensions of 
the order only of 100 A. It i«i thought that in the partially crystalline 
state the light scaHering is not a direct consequence of the presence 
of the crystallites, but is mainly due to the presence of more or 
less oriented aggregates of crystallites, of dimensions greater 
than the wave length of visible light. 

In the case of polythene, one type of oriented aggregate, the 
spherulite, has been described by Bunn and Alcock (1) and by Bryant 
(2). Spherulites are readily observed with a polarizing microscope 
in thin films of polythene or in polythene powder precipitated from 
solution. The size is variable but a typical spherulite has a diameter 
of the order of 1/10 - 1/100 mm. The long axes of the molecules 
tend to be perpendicular rather than parallel to the radii of the 
spherulites, although the perfection of orientation is, in general, not 
great. In other samples of polythene the scintillation when polarizer 
and analyzer are rotated indicates an oriented structure, but no 
individual spherulites can be distinguished. 

In this paper the phenomena associated with the growth of 
spherulites on cooling molten polythene and their decay on raising 
the temperature are described, together with the associated changes 
in the light transmission of the sample. 

LIGHT TRANSMISSION OF POLYTHENE 
(a) Effect of Temperature 

The changes with increase or decrease in temperature in the 
light transmitted through polythene film were measured in a simple 
semi-quantitative {q>paratus. A thermocouple junction was molded 
into a poljrthene sheet, 1 mm. in thickness, in a steam-heated press. 
The sheet was held in a horizontal position in a vessel with a plane 
glass base. The vessel was filled with glycerol and was fitted with 
a small heating coil and a stirrer. Appropriate screening was 
obtained by the use of an internally blackened box divided into 3 
compartments containing a constant source of li^t, the sample, and 
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a Weston photocell, arranged vertically one above the other. A lens 
was used to condense the Incident light and a second lens focused the 
transmitted beam on to the photocell which was connected to a micro* 
ammeter. 

The temperature of the polythene saixy>le was raised slowly 
(about 2 degrees per minute) by hand control of a resistance in the 
heating coil circuit, and simultaneous readings of the photocell 
microammeter and the thermocouple millivoltmeter were taken. 
Ei^eriments with falling temperature were carried out at the natural 
rate of cooling of the glycerol bath (about 2‘*C. min.) when the heater 
was switched off. The current developed by the cell when the polythene 
was solid expressed as a percentage of the current developed when 
it was molten was recorded as a measure of the light transmission 
of the polythene specimen. It is appreciated that this ^paratus 
measures a somewhat arbitrary combination of light absorption and 
light scattering and that a quantitative study would necessitate the 
measurement of the polar distribution of the scattered light. The 
apparatus is adequate, however, to give a semi-quantitative measure 
of what would normally be called the "transparency" of a sheet of 
polymer. 



Fig. 1. Light transMlsslOR of polythene sheet as function 
of (a) rising and (b) falling tenperatures. 

Figure 1 shows the light transmission of a sample of polythene 
("Alkathene 20") as a function of tenqierature, (a) on raising the 
temperature from 20°C. up to 120°C., that is, to above the melting 
point, and (b) on cooling again to 20°C. On raising the temperature 
it is seen that the light transmission increases at a steadily increasing 
rateig) to the melting point, and thereafter remains alm ost constant. 
The change in the light transmission with increasing temperature 
is similar to the change in the proportion oi amorphous material in the 
solid, as indicated by volume (3) or heat ciqiacity (4) measurements. 

On cooling from the melt a similar plot of light transmission 
against temperature is obtained below about 90°C. but over a range 
of a few degrees below the tenqperature at which transmission first 
starts to decrease (the freezing point; about 110°C.) the polymer 
passes through a state in which the light transmission is very low 
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and In sotne san 4 >les is even less than it is at ordinary temperatures. 
This lack of complete similarity in the light trsmsmlssion-temperature 
relation for rising and falling temperature led to the study under the 
microscope of the changes with temperature in the structure of solid 
polythene, which forms the second part of this paper. Before this is 
described, however, some of the factors affecting the variability from 
sample to sample of the transparency of polythene will be discussed. 

(b) Variability in Tran^arency at Ordinary Temperatures 

Usingthe apparatus described above at room temperature, sup¬ 
plemented by simple visual observation, the relative transparencies 
of a large number of polythene specimens have been observed. There 
are clearly a number of factors involved and not all are understood, 
but the following points have been established. 

(1) There is a general tendency for the more crystalline samples, 
e.g., those in which the molecules are less branched, to be 
more opaque. This is not imeiqpected in view of the similarity 
noted above between the shapes of the amorphous content- 
temperature curve and the light transmission-temperature 
curve for rising temperature. 

(2) For a given polymer sample, rapid cooling from the melt, 
whichyields a more amorphous sample, yields also a more 
transparent sample. Subsequent annealing at 100°C. which 
increases crystallinity also increases light absorption. 

(3) Absorption by the polythene of a liquid such as benzene or 
hydrocarbon oil increases transparency, whereas incorpo¬ 
ration of a crystalline paraffin, for example, paraffin wax, 
decrease the transparency. 

(4) Of a number of samples of the same degree of crystallinity 
as indicated by density or x-ray measurements, there is a 
tendency for the higher molecular weight samples to be more 
transparent. This generalization caimot be extended, how¬ 
ever, to very low molecular weight materials, such as 
paraffin wax, or pure solid paraffins, such as hexatriacon- 
tane, which are composed of quite large separate crystals. 
It is of interest to note that when the crystal size of such 
materials is reduced by the incorporation of say 1% of 
polythene, the resultingproducts, still almost 100% crystal¬ 
line, are now much more opaque than normal polythenes 
which are 70-80% crystalline. 

GROWTH AND DECAY OF SPHERULITES IN POLYTHENE 

The spherulitlc structure typical of polythene can conveniently 
be observed in a film of thickness of about 0.1 mm. resting on a glass 
slide under a polarizing microscope. Such a film may consist only 
of one layer of spherulites and these may therefore be recognized as 
dark crosses on a light ground (when the Nicols are crossed) which 
appear to rotate as the polarizer and analyzer are rotated together. 
In order to observe and record the effects of rising and falling 
temperature on the structure of the film, a platinum wire (40 gage), 
which couldbeheatedby a 6-volt battery with a controlling resistance. 
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was embedded in the polythene. The microscope was fitted wtth a 
prism which diverted about one-tenth oi the transmitted lt{^ through 
a rig^-angle to the eyepiece, transmitting the remainder either to a 
2 1/4 X 3 1/4 inch camera or to a 16 mm. cine camera, tt wasthus 
possible to (A>serve and to photograph the changes in the film at the 
same time. 

(a) Changes on Raising the Temperature to the Melting Point 

Plate n* illustrates the changes in structure as the temperature 
israised. (This is a photomicrograph taken with crossed Nicols). The 
wire is to the right of the field and is being heated in an initially cold 
polythene film. All parts of the field are thus rising in temperature 
but there is a temperature gradient falling from right to left. The 
left-hand et^e of the field shows the spherulitic structure of the cold 
solid, the ri^-hand edge adjacent to the wire shows the structureless 
molten polymer, while in the middle the spherulites are seen to become 
less well defined but to have the same general outline. 

(b) Changes on Cooling from the Molten State 

These are observed by heating the wire until the whole field 
is clear and then reducing the current. In the photographs the left- 
hand edge of the field furthest from the wire has cooled more than 
the right-hand edge. 

The first tjrpe of structme formed from a clear molten polymer 
is seen as a uniformly mottled background, in which light is scattered 
and in which there is some form of orientation. This type of structure 
is not observed when the polymer is being heated. The next effect 
is the formation of apparently randomly ^aced nuclei in this phase, 
and from them spherulites grow ri 4 >idly, appearing as circles 
expanding at a constant linear rate until they meet other spherulites. 
The i^herulite nuclei do not all aiqpear at the same time. Those 
which start growth later are the smaller ones in the final film. 

These changes are illustrated in Plates in and IV. Plate HI 
is a series of five extracts from a cine film showing the growth of 
spherulites from an initially clear field of molten polymer. In these 
reproductions the initial fine structure from which the spherulites 
grow cannot be seen, but it is seen clearly with a sharp boundary 
between it and the molten zone in the photomicrogr^h r^roduced 
in Plate IV, which corresponds approximately to the middle extract 
of Plate m. In Plates mandlV the Nicols are only partially crossed. 
The heating wire appears as a black zone as the extreme right-hand 
edge of the photograph, and the molten zone is the adjacent, lig^t- 
colored, zone. The spherulites appeaur not aus crosses on a light 
ground, (as in Plates n and V) but as circles with two ofposite 
quadrants dark and light). 

(c) Repeated Melting and Solidification 

When a film was melted, allowed to solidify, remelted until 

^The Plates referred to in this paper are at the end of this 
issue. 
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the whole field was clear, and then immediately allowed to cool again, 
the i^herulites in the second crystallization geared in the same 
places and in the same order as in the first melting, so that the final 
pattern was almost identical with the initial one. H, however, the film 
washeldinthemoltenstatefor about 5 minutes before cooling the sec¬ 
ond time, a new set of spherulites appeared. The retention for atime in 
the same place of nuclei for spherulite growth is, of course, favored in 
this e]q>eriment by the high viscosity of the polymer and by the thinness 
of the film. It is possible that the nuclei are actually on the surface of 
the microscope slides. 

(d) Solidification after Partial Melting 

When the temperature was reduced after the sample had been 
heated to a ten^erature which was only adequate to melt about half 
of the field, it was found that although the normal ^herulites were 
formed in the zone close to the wire, a band of very small oriented 
regions (possibly small spherulites; each only about 1/100th of the 
area of the original spherulites) was formed in the section of the 
film immediately to the high temperature side of the frontier between 
partially molten spherulites and the apparently structureless zone. 

This is shown in Plate V. When this portion of film is remelted 
so that the whole field is featureless and is then cooled, the normal 
larger spherulites re 2 q)pear. 

DISCUSSION 

The microscopic examination reported here, combined with 
the x-ray work of Bunn and Alcock (1), appears to give a satisfactory 
explanation of the light transmission results. 

We consider that the lack of transparency in solid polythene 
is due primarily to internal r^lection at the boundaries between 
spherulites where there is a change of refractive index. Some 
scattering of light may occur within the spherulites themselves; 
small locally oriented aggregates of the type first formed from the 
melt (Plate IV) may persist to certain extent after the spherulites 
have formed, and a fine structure inside the spherulite boundaries 
can be seen in certain cases. We consider, however, that it is the 
spherulite boundaries which are the chief cause of light scattering. 

The change in refractive index at any boundary will be greater 
the greater the degree of orientation or crystallization within the 
spherulites. The transparency of the sample will hence depend on 
the average size of i^herulites, that is, the number of spherulite 
boundaries throxigh which the light has to pass, and also on the 
perfection of orientation in the spherulites, which in turn will be 
affected by the degree of crystallinity of the sample. On raising the 
temperature of a sample of polythene, the proportion of crystalline 
material decreases at an increasing rate. Bunn and Alcock'swork 
(1) indicates that this takes place by the successive melting of 
crystallites in order of increasing size. The spherulite thus becomes 
less well defined, the perfection of radial orientation decreasing and 
the change in refractive index at the boundaries with adjacent spheru¬ 
lites being less marked. The general outline of the spherulite 



520 S. W. HAWKINS AND R. B. RICHARDS 


remains until the last and largest crystallites have melted (and 
possibly even at higher temperatures as a zone of imperfect radial 
orientation). The scattering of the light decreases continuously 
throughout this process. On cooling, on the other hand, the spheru> 
lites grow not directly from the melt but from a partly crystalline 
phase in which there is some form of orientation over small zones. 
It is suggested that it Is this phase which fcorre^onds to the region 
of very low light transmission observed when polythene is cooled a 
few degrees below the freezing point (curve b of Figure 1) and that 
the orientation of the crystallites into relatively large spherulites 
with a consequent reduction in the number erf discontinuities in 
refractive index causes the subsequent tenqporary increase in trans> 
sparency. Further cooling causes an increase in the crystallinity 
and hence greater changes in refractive index at the spherulite bound¬ 
aries and hence to greater light scattering. 

The growth of spherulites from molten pol]rthene through an 
intermediate phase with less perfect orientation is superficially 
very similar to the growth of spherulites from a liquid crystal phase 
in the case of materials such as cholesteryl acetate (5). 

The formation of the zone of small oriented regions at the 
boundary between a partially melted and completely melted material 
when the temperature increase is reversed requires some e]q>lanation. 
It is suggested that, when an almost completely melted spherulite is 
cooled, the few crystallites which remain (the largest crystallites of 
the cold solid) act as separate nuclei for new regions of local 
orientation, possibly small spherulites. 

Finally, the question of the size of spherulites may be discussed. 
As in the case of the growth of single crystals of low molecular weight 
material, the size is a fiuiction of the number of nuclei formed and 
this is affected by such things as the rate of cooling and the presence 
of extraneous matter, for exanq)le, dust particles or the surface of 
the containing vessel. The size of the spherulites in a large number 
of polythene samples has been observed but it has not been found 
possible to obtain a clear-cut correlation of the average spherulite 
size with other structural features. There spears to be no correlation 
between the degree of crystallinity and spherulite size but there is 
perh^s a tendency for the higher molecular weight samples to give 
larger spherulites and this may be the explanation of the increase 
in transparency as molecular weight increases, although this may 
also be due to decreased orientation in the spherulites as molecular 
weight increases. 

The authors wish to acknowledge the part taken in this work by 
Mr. H. Emmett, who assisted with the microscopic observation and 
made the cine film on which Plate m is based. 
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Synopsis 

The effect of increasing and decreasing temperature on the 
light transmission of polythene has been measured. On raising the 
temperature of a sheet of polymer the light transmitted increases 
steadily at an increasing rate until the sample becomes glass clear 
at the melting point (ca. 112°C.). On cooling from the melt the 
specimen becomes very opaque a few degrees below the melting 
point, then becomes much more tran^arent and thereafter the light 
transmission decreases as temperature falls, the transmission- 
temperature curve approximatingto the curve for rising temperature. 
Changes in the ^herulite structure of polythene film on heating and 
cooling have been observed under the microscope and recorded on a 
cine film. Decay of spherulites on heating is seen not to occur by the 
reverse of the process by which they are formed from the melt, and 
the light transmission results are discussed in relation to the 
spherulitic structure of the polymer. 


Resume 

L'influence d'une augmentation ou d'une diminution de temper¬ 
ature sur la transparence ala lumiere du polyethylene a etl mesuree. 
En augmentant de la temperature d'une feuille de polylthylene la 
transpvence aupnente r^gulierement avec une Vitesse croissante 
jusqu'acequel'echantillondevientlimpideaupointdefusion (ca. 112). 
Enrefroidissantdeceproduit fondu, rechantillon devient tres opaque 
a quelques degr^s en dessous du point de fusion, puis acquiert une 
transparenceplusprononcee;ulterieurement la translucidite diminue 
a mesure que la temperature diminue et la courbe de transparence 
en function de la temperature se rapproche de celle obtenue en 
augmentant la temperature. Des variations de la structure spheruliti- 
que du film de polyethylene ont Ite observees au cours du chauffage 
et du refroldissement au moyen du microscope; elles ont ete en- 
registrees sur film cinematogr^hique. La disparition des spherulites 
par chauffage ne correspond pas au phenomene inverse de leur for¬ 
mation au depart du produit fondu; les resultats de transparence ont 
ete mis en rsqpport avec cette structure spherulitique de polymere. 

Zusammenfassung 

Die Wirkung steigender undfallender Temperatur auf die Tranz- 
parenz des Polyaethylens wurde gemessen. Wenn eine Platte des 
Polymers erhitztwird, steigtdieTranzparenzmitwachsender Schnel- 
lig^eit bis die Platte am Schmelzpunkte (112°C.) glasklar wird. Bei 
Kuehlungder geschmolzenen Masse truebtsich die Probe stark einige 
Grade unterdemSchmelzpunkt, wird dann viel durchsichtiger, wonach 
die Durchsichtigkeit mit fallender Temperatur proportional zur 
Erhitzungskurve. Veraenderungen in der Spherulitenstruktur von 
Polyaethylen-Filmenbei steigender undfallender Temperatur werden 
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mikroskcqpisch beobachtet und gefilmt. Kehrt man den Vorgang um 
und laesst die S^herulite ana der Schmelze entstehen, so findet keln 
Verschwinden belm Erwaermen statt. Die Transparenzergebnisse 
werden in Bezug auf die i^herulitische Struktor des Polymers 
eroertert. 


Received December 20, 1948 
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ETUDE VISCOSIMETRIQyE DE LA STRUCTURE MOLECULAIRE 
DE LA GELATINE EN SOLUTION* 

Dans le cadre d'une etude entreprise en vue de determiner la 
structure de la gelatine, nous avons recherche I'influence du pH et de 
la force ionique de la solution sur la viscosite intrins^ue decette 
proteine. La gelatine qui est obtenue par hydrolyse plus ou moins 
poussle d'un collag^ne renferme des fractions de masses moleculaires 
diff^rentes dont les limites extremes sont de I'ordre de 5,000 et 
400,000. 

Nos mesures ont porte sur des gelatines commerciales non 
fractionnies et sur des Ichantillons homogenes obtenus I partir des 
gllatines commerciales ci-dessus par fractionnement, par coacerva- 
tion selon la technique de Dobry (1) et dont Tapplication au cas de la 
gelatine a etS decrite par I'un de nous (2). 

n est admis qu'au dessus de la temperature de transformation 
gel-sol, la gelatine est dispersee moleculairement en formant une 
solution vraie. Les risultats donnes ci-dessous semblent d’allleurs 
confirmer cette hypothese. Au-dessus de cette temp^ature de 
transformation, temperature qui n'est pas une constante, mais qui 
d^end en particulier de I'origine et des traitements subis par la 
gelatine, les viscosites des solutions diluees de gelatine sont independ- 
antesdu gradient de vitesse. Autrement dit, I ces temperatures, les 
solutions de gelatine sont des liquides newtonniens. 

Les gelatines etudiees furent demineralisees par la methode de 
Loeb et dissoutes dans des solutions tamponnees. Le tanq>on utilise 
est un melange equimoieculaire d'acides acetique, phosphorique et 
borique additionne de laquantitede soude suffisante pour obtenir le pH 
desire. 

Ce melange permet d’effectuer des mesures a tousles pH sur des 
solutions ayant toutes mSme pouvoir tampon et meme force ionique. 

Si pour un pH et une force ionique donnes de la solution de 
gelatine, on porte les viscosit^s reduites 17 gp/c en fonction de la 
concentration c en gelatine, on obtient une droite pour des concen¬ 
trations comprises entre 0.1 et 12% quels qtm solent le pH (entre 2.5, 
et 9), la force Ionique et la nature de la gelatine. Sur^la fig. 1 sont 
r^portes quelques resultats obtenus avec differentes gelatines com- 

*Communication No. ^12 54V des Laboratoires de Recherches de la 
Societe Kodak - Pathe (France). 
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merclales et diiferentes fractions tomogenes en solution iso^lectri- 
que. La lin^arlte de la courbe 17 ^ c en fonction de c permet de d&inir 
une viscosity intrins^ue [i^J . D est a remarquer que dans tons les 
cas cette droite est peu inclinee. 



Fig. 1. nsp/<= foncuon de la concentration pour differ* 
ents ecbatlllons de gelatine. Le pH de chaque solution 
est £gal au pH Isoelectrlque de la gelatine conslderee. 


Si en maintenant le pH constant, on modlfie la force ionique de 
la solution en faisant varier la^ concentration en sels tampon on 
observe que la viscosite intrinseque varie considerablement alors 
que les variations de la pente de la droite ’Isp/c fonction de c 
minimes. Les r€sultats obtenus avec tme g^lmine de peaude point 
Isoilectrique 4.7 en solution isoelectrlque sont r^ortes sur la fig. 2. 
La viscosite Intrinseque crott dbbord riqiidement avec la concentration 
saline, passe par un maximum aplati puis d&croit. L'augmentation 
de la viscosite intrinseque avec la force ionique s'accorde avec les 
hypotheses generalement formulees sur la structure de la gelatine. 
Au pH isoelectrlque la gelatine porte des nombres ^gaux de groupes 




Fig. 2. Influence de la force 
Ionique de la solution sur la 
vlscoslte Intrinseque de la 
gelatine. 


Fig. 3. Variation de la vls- 
coslte^ Intrinseque avec le pH. 
^latine de peau de point Iso* 
electrlque 4.7. 
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acides ^ de groiq>es amines ionises et les attractions energigues entre 
les diff^rentes parties d'une meme molMule tendent a pelotonner la 
moldcule. Une augmentition de laforce ionique de la solution diminue 
le degre d'ionisation et on peut admettre que les forces attractives 
entre les groiq[>es polaires sont diminuees. Ce relachement des 
liaisons intramol^culalres entraiine une extension de la molecule de 
gllatine et, par suite,une augmentation de la viscosity intrinseque. 

Desmesuresdepressionosmotiqueont montre d'autre part que 
lepoidsmoleculaire mesure par extrapolation ^ dilution infinie n’est 
pas influence par la concentration saline des solutions. 

Ce comportement est different de celui observe par Fuoss et 
Strauss (3) sur le bromure de polyvinylbutylpyridonium et par Pals 
et Hermans (4) sur le pectinate de sodium. Cette difference provient 
sans doute du fait que contrairement au cas de la gelatine en solution 
isoeiectrique, les groupes ionises portes par ces hauts polymlres 
sont tous du m^me signe. 

Si, ^force ionique constants, onf ait varierle pH de la solution, il 
jq^arait que la viscosite intrinseque est minimum au pH isoeiectrique 
(fig. 3), ce qui est normal puisqub ce pH la molecule tend a se pelotonner 
par suite de I'exaltation des attractions intramollculaires*. 

Dansimintervalledetemperature compris entre 31 et 45°C, on 
observe (fig. 4) que la viscosite intrinseque varie peu si I'on maintient 
le pH et la force ionique a ime valeur donn^e. Ce resultat semble 
prouver que la gelatine en solution a ces temperatures est a I'etat de 
dispersion mol^cxilaire, car si les molecules de gelatine Itaient 
associ^es, une elevation de temperature modifierait I'ltat d'associa> 
tion et, par cons^uent, la viscosity intrinseque. 


jMO 

? 

I 

I 

> O.fS 


so* s»* 

Tetnsdreiwre 

Fig. 4. Influence de la tenperature sur la viscosite Intrxn- 
seque de solutions de gelatine. Mesures effectu^es sur des 
solutions de pH dlff^rents: A, pH * 4.0; o. pH =■ 4.7; □ , 
pH = 5.0. 

En terminant, nous tenons a remercier M. le Docteur M. L. 
Huggins pour ses conseils qui nous furent si pr^ieux au cours de 
cette ^ude. 
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SOLUBILITY OF POLYETHYLENE IN XYLENE 

In the Flory-Huggins equation for the reduced osmotic pressure 
of dilute polymer solutions; 

RT 

n/Cj = ♦ BCj (1) 

B appears as the slope in the plot of ir/c, in unit grams of force per 
square centimeter against polymer concentration in grams per 100 cc. 
of solution; it is given by: 

B = RT/V,d*(l/2 - u) (2) 

where and d, are the partial molar volume of the solvent and the 
density of the polymer, respectively, ^ is a semi-empirical constant 
characteristic for the interaction of the molecules of the solvent with 
the segments of the macromolecules and hence offers a convenient 
measure for the solubility of the polymer. 

In a recent paper, Doty et al. (1) showed that the solubility of 
polymers is highly sensitive to even small degrees of branching in the 
sense that an isolated branched macromolecule is characterized by 
a higher degree of local concentration of segments than an isolated 
linear molecule of the same type and the same molecular weight in 
the same solvent. Thus, there is more segment-segment contact in 
a branched molecule in solution than in a linear one and the solute- 
solvent interaction is decreased; this has been established by 
observing an increase of fi in the branched species. The /x value is 
essentially independent of the molecular weight and was found to be 
noticeably higher for a branched macromolecule than for its linear 
counterpart provided other configurational changes do not occur in 
solution. Boyer and Spencer (2) in the measurement of the swelling of 
a series of polystyrene-divinylbenzene gels of different compositions 
have observed that the value of /* varies linearly with the degree of 
cross-linking in macromolecules. 

Osmotic pressure measurements were carried out with six poly¬ 
ethylene samples* ofthesamet 3 rpe as were previously subjected to an 
extensive study of Bryant (3) in the course of which he established 

*We are very much indebted to Dr. W. M. D. Bryant of E. I. du Pont 
de Nemours and Co. for very kindly putting these valuable samples 
at our disposal. 
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that they possess different degrees of branching. This was concluded 
from different ratio of CH, to CH, groups as determined independently 
by infrared absorption and by the method of Kuhn and Roth. The 
larger the number at CH, to CH, grovqps the smaller is the degree (rf 
branching of the macromolecules; high numbers in the third column 
of Table I indicate low degree of branching. 

The osmotic pressure measurements were carried out with 
Zimm-Meyerson glass osmometers (5) at 72.7'’C. in a thermostatted 
bath; the measurements with the last sample were made at 91.6**C., 
because this material required higher temperatures and longer time 
to go into solutions. Though the solubility of the polymer samples 
decreases with kicreasing molecular weight, all except the last sample 
were completely soluble at the temperature at which the osmotic 
measurements were made. Precipitation occurred at about 10 degrees 
below the temperature of the bath. 

TABIS I 


Sazople 

No- 

Density* 

Ratio 

CHs OH3 

[k/ c] 

*• ' -*c -0 

Tenp ., 

Mn X 10"3 

\x value 

1 

0.91 

12 

29.6 

72.7 

9.91 

0.516 

2 

0.917 

21 

11.2 

72.7 

26.20 

0.511 

3 

0.925 

22 

25-3 

72.7 

11.60 

0.51U 

k 

0.929 

38 

17.6 

72.7 

16.66 

0.506 

5 

0.926 

62 

7.7 

72.7 

38.10 

0.507 

6 

0.936 

330 

8.3 

91.6 

37.30 

0.505 

* These data were kindly supplied by Drs. W. M. 

D. Bryant and 

W. Franta of E. I. du Pont de Nemours and Coopany. 



Table I shows the results obtained with six samples; they are 
arranged according to the value of CH,/CH, in such a manner that 
the highly branched ^ecies are on the top of the table whereas the 
less branched samples are at the bottom. The density as given in 
column 2 generally increases as branching decreases (only samples 
4 and 5 are in reverse order). The fi values show a general tendency 
to decrease as branching decreases and cover a range from 0.516 to 
0.503. Samples 2 and 5 are slightly out of line, but the data indicate 
that the fi v^ues of branched polythene molecules in xylene are larger 
than those of unbranched ones. This is in line with the observations 
of Doty,Brownstein, andSchlener (l)and of Boyer and fencer (2) and 
seems to confirm that segment-segment contacts develc^ more readily 
between the various parts of a branched than of an unbranched macro¬ 
molecule. 
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OSMOTIC MEASUREMENTS OF ISOMERIC POLYVINYL ISOBUTYL 

ETHERS 


Schildknecht, Zoss, and Clyde (1) have described two types of 
poly vinyl isobutyl ether; one is a soft, tacky, and rubberlike product, 
the other is crystalline and fibrous. Osmotic pressures were measured 
on two samples, which Dr. Schildknecht kindly provided for this 
Investigation, in a Zimm and Meyerson (2) osmometer. The molecular 
weight and the values were calculated by the e]q[>ression; 


n/cj 


M, 


RT 


( 1/2 


U) 


where v zs osmotic pressure measured in grams of force per square 
centimeter, R = 848, T = temperature (300.3°K.); = molar volume 

(107 for toluene); d, = specific gravity of the solute, 0.93; c, = concen¬ 
tration of solute in grams per 100 cc.; and fi = constant for the inter¬ 
action of solvent molecules with segments of the polymer molecules. 

Viscosities of the two polymers were determined in toluene at 
27.6°C. in an Ostwald viscometer. Plots of the quotient of specific 
viscosity and concentration against concentration of the polymer in 
grams per 100 cc. of solution, gave straight line graphs from which 
(by extrapolation to infinite dilution) 2.95 and 3.90 were obtained as 
intrinsic viscosity of the soft and hard polymers, respectively. 

The results are given in Table I. 


TABIE I 



Soft polymer 

Hard polymer 

Solvent 

Toluene 

Toluene 

Specific gravity. 

....0.93 

0.93 

Molecular velght. 

....5.3^ X 10® 

2.12 X 10® 

(i value. 

....0.455 

0.481 

Intrinsic viscosity [nlc-o-*** 

....2.95 

3.90 


The fibrous polymer needs special care to be properly dissolved 
in toluene, whereas the soft rubbery modification is rather easily 
soluble. The molecular weight of the soft polymer is about two times 
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that of the hard one, which seems to be in line with the general ex¬ 
perience that unmoderated tonic catalysts lead to higher molecular 
weights than moderated systems. Thevalue as well as the intrinsic 
viscosity of the hard crystalline modification is noticeably larger than 
that of the soft and rubbery ^ecies. It appears that macromolecules 
of the former type favor segment-segment interaction as compared 
with segment-solvent contact, and, as a consequence, are difficulty 
soluble. In the present case the poor solubility goes parallel with 
easy crystallization, which makes it seem that the reason for enhanced 
segment-segment interaction is a more regular arrangement of the 
individual monomer units in the chain of the hard polymer as compared 
with the soft ^ecles. 
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ULTRASONIC VELOCITY IN MACROMOLECULAR SUBSTANCES 

In a recent paper (1) we reported that the ratio of ultrasonic 
velocity to density in molten or dissolved macromolecular substances 
is related to the average molecular weight and the amoimt of branching 
in the molecule. 

In a successive paper (2) we introduced the shape factor as the 
ratio of experimentally determined ultrasonic velocity to the calculated 
one, using Rama Rao's law (3) and utilizing Lagemaim and Corry's 
values (4) of the ultrasonic bond velocity. 

As these data clearly show, straight-chain and unbranched 
molecules present shape factors equal or near to unity, while branched 
molecules yield shape factor values below imity. 

Further work on ultrasonic velocities in some low-molecular 
hydrocarbons, ethers, and esters discloses that divergencies between 
experimental and calculated values, as observed in high molecular 
compotmds, exist also in low molecular substances, though the numeri¬ 
cal values of the differences were considerably smaller in the latter. 
Therefore, Lagemannand Corry's ultrasonic bond velocities must be 
corrected in order to allow predictions of ultrasonic velocities in 
branched compoimds. 

For this purpose we have found it more suitable to consider 
ultrasonic radical velocities rather than bond velocities, or Rama 
Rao's atomic velocities. 

Thus we assume that the ultrasonic molecular velocity: 

1'3 

U 

R -- M 

P 

(u = ultrasonic velocity, p = density, M = molecular weight) as the 
sum of all terms which correspond to each one of the radicals 
conq>osing the molecule. 

Form the measured ultrasonic velocities of the first liquid 
members of the series of hydrocarbons, ethers, and esters we have 
calculated the following values of ultrasonic radical velocities: 

-CH, • 288 -CHy » 192 -CT • 90 -C- * -10 

-CaHe * 870 -o-(ethers) • 65 -ff-O- (esters) = 260 

0 

However we observed that lower values for radical velocities 
have to be used if the radicals are bound in side positions with respect 
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number of branchings; n^ = number of carbon atoms in principal chain. 















Differences bet- 





TABEE II ^continued; 


586 


LETTER TO THE EDITORS 




o 

-P H 
0) d d 0 

,o g S >> 

to 'H to Xl CO 

0^000 
p 0 -H ^ 1-1 

d p«+> 0 +5 

0 H -H H ‘H 

0 P d O 

o Op 

d H H 

4-10 0 0 

g jP> o 


0 

* 

8 

H 

5 


I (0 
0 0 


g 


P •H 


(d ^ 


M I 0 
^ © 0 

ill 

O ^ H 


I 


u ^ 

0 ^ 
d 


0 

M4 O 

0 +5 M'd 

p 

cQ a 


i-sg 


I 0 
0 0 
> ‘H 
•p 


8 8 


,D H 


Is 

pq ^ 

tP 

> 


0 

0 

P 


0 

■§ 

CO 




I 


VO ON 
IfN -it 


-it CVJ 




o o 


o 


s 


ON 


g 


-d- CVJ 
KN-4- 
h- 


I 


CVJ ON On 

CVJ CVJ CVJ 

C- 


U 

o 


ii 


OJ 

VO 

I 


B 


O CVJ CVJ ITN <M 

00 00 00 VO 00 


O O 




8 

H 

I 


CVJ 


lA 

VO 


VO o 


CVJ 

fA 






a 


)§ 


tr\ 

B 

rH 


C- 

GO 

CO 


KN 

VO 


i-Bi 


iTN 

S iTN 


A A 


CO 

H CO 


CO 6 

p- 









A 


H 


lA 

A A CO 

A 

li 

P 

ITN ITN 

CO 

C> P 

H 

II ' 

*•» 

CVJ 

co'?r 

II II 

> 

>^cp 
• 0 ¥ 

P 

H 

p p 

V 

O fT P 

0 



II 

p 


iTN rd 

If ^ ^ 

P li 

0 WP 
jr 0 d 

s5 •§ 
^ 0 

^ s 
I ES 


“ fe 
^ -t ■3 

n Ph Pi 


0 

t 

I 


I 


p 


p^ 


m.p. = melting point; n = specific viscosity; c = base moles in 1000 cc. of solvent 
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to the main chain of the molecule. This lowering has been calculated 
to be -12 for -CH, radicals and -20 for -C,Hg radicals. 

In Table I are reported data relating to ultrasonic velocities of 
low molecular hydrocarbons; the molecular velocities have been 
calculated introducing the lowering correction for -CH, and -C,H, 
branching. The table shows that if radical velocities are applied 
calculated ultrasonic molecular velocities and experimental ones are 
in better agreement than if bond velocities are applied. 

Even for high molecular substances, reported in Table H, the 
differences between calculated ultrasonic molecular velocities and 
e]q;>erimental ones are smaller if radical velocities are applied instead 
of bond velocities. However, these differences are still considerable, 
especially for the last substances in this table. 

Since in the calculation of the molecular velocities we have only 
considered the branching-lowering correction for the -CH, and -C,H, 
radicals, the differences between the experimental and calculated 
values have to be ascribed to the branching-lowering due to -C-0-, 
-0-CH,-CH and -C,H, radicals. 5 


REFERENCES 

1. G. Natta and M. Baccaredda, J. Polymer Sci.,^ 829 (1948). 

2. G. Natta and M. Baccaredda, Gaz. Chim. Ital., 79, 364 (1949). 

3. M. Rama Rao, J. Chem. Phys., J, 682 (1942). 

4. R. T. Lagemann and J. E. Corry, ibid., 10, 759 (1942). 


G. Natta 
M. Baccaredda 

Centro di studio per la Chimica Industriale del C. N. R. 
presso il Politecnico di Milano, Italy 

Received June 2, 1949 



ERRATA 


Errata: SPECIFIC REFRACTIVITY-TEMPERATURE 
DATA FOR POLYVINYL ACETATE 
AND POLYBUTYL ACRYLATE 

(J. Polymer Sci., 4, 351-357, 1949) 

by Richard H. Wiley and G. M. Brauer’ 

Venable Chemical Tiaboratories, University of North Carolina 

Page 35?, insert the following between lines ?5 and 26: 

sphere was derived by assuming that the forces by the atom 
inside this 
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ACm-CATALYZED COPOLYMERIZATION BEHAVIOR OF 

ANETHOLE 

It has been repeatedly observed that 1,2 disubstituted ethylenes 
exhibit a specific reluctance to add to themselves in free radical 
copolymerization reactions (1). This has been recognized as a 
steric effect. A highly substituted free radical, of the form (a) below, 
has difficulty in adding to the double bond of a highly substituted olefin 
such as (c), although reactions such as (a) + (d), or (b) + (c), below 
(in which either the monomer or the radical is less highly substituted) 
can occur with ease. 


H H 


H 

H H 

/ \ 

X X 

A i 

X X 

H X 

(a) 

(b) 

(C) 

(d) 


We do not imply that the reaction between a free radical such 
as (a) and an olefin such as (c) is completely prohibited. Doak (?) has 
reported that, in the free radical copolymerization of vinylidene 
chloride with diethyl fumarate, diethyl fumarate adds to itself at an 
appreciable rate. However, in most cases involving a 1,? disubstituted 
monomer, the reactivity ratio product rjr, is extremely small and. 
further, 1,2 disubstituted olefins show, at best, only a very small 
tendency to polymerize alone by a free radical mechanism. 

The fact that 1,2 disubstituted ethylenes have often been observed 
to polymerize by the "acid-catalyzed" mechanism leads to the 
tentative conclusion that a highly substituted carbonium ion is not 
markedly retarded by steric effects from adding to a 1,2 disubstituted 
double bond. One crucial experiment on this point is the copol ymeriza¬ 
tion by carbonium ion mechanism of a vinyl-type monomer with a 1,? di¬ 
substituted monomer. If copolymers containing over 50% of the 1,? di¬ 
substituted monomer can be obtained, this indicates that the substituted 
monomer (c) can compete favorably with the less substituted monomer 
(d) for a carbonium ion of the structure (e). 

A*# 

R-0-C+ 

X i 

(e) 
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It was decided to obtain and compare the cqpolymer conqios- 
Itlon curves for the peroxide and acid-catalyzed copolymerizations of 
anethole (p-methoxy-/9-methylstyrene) and o-chlorostyrene. 

Acid catalysis gave cq^mlymers much richer in anethole than 
the corre^onding monomer mixtures at all concentrations. Peroxide 
catalysis gave copolymers much poorer in anethole, the composition 
cujrve being consistent with the value r, = 0. The results are sum¬ 
marized in Tables I and H. 

TilBlZ I. Free-Badlcal Cppolymerlzation of Anethole (He) and 

o-Chlorostyrene (Mi) at 70“ C. (0.9)f Benzoyl Peroxide) 


Per cent 


Tube 

No. 

Time, 

hr. 

• 

He 

chlorine 
in polymer 

b 

Per cent 
conversion 

A-l 

18 

0.933 

18.82 

0.251 

o.3!t 

A-2 

4.8 

0.755 

23.18 

0.088 

5.0 

A-3 

5-5. 

0.616 

23.47 

0.078 

4.7 

A-4 

3.5 

0.436 

23.15 

0.090 

. 7.2 

A-5 

2.8 

0.290 

24.26 

0.049 

7.0 

A-6 

2.8 

0.152 

25.09 

0.018 

6.3 


"Mole fraction of anethole in monaner mixture. 
'’Mole fraction of anethole in copolymer. 


TABLE II. Acid-Catalyzed Ccpolymeidzatlon of Anethole ()^) and 
o-Chlorostyrene (Mi) in CCI4 at 0"C. ( 1 ^ 8nCl4) 


Tube 

No. 

Time, 

hr. 

Me 

’ Per cent 
chlorine 
in polymer 

me 

Per cent 
conversion 

B-1 

1.5 

0.844 

0.41 

0.983 

0.6 

B-2 

3.0 

0.697 

0.49 

0.980 

1.9 

B-3 

5.3 

0.502 

1.55 

0.955 

2.4 

B-4 

3.5 

0.598 

1.85 

0.925 

2.8 

B-5 

6.0 

0.255 

2.64 

0.890 

1.8 

B-6 

9.5 

0.152 

4.89 

0.796 

0.5 

B-7 

21.0 

0.071 

7.78 

0.682 

0.1 


Experimental 


Anethole (Paragon Testing Laboratories) was fractionally 
distilled, b.p. 94-9574.5 mm., m.p. 22-22.5°, = 1.5579. 

o-Chlorostyrene (Dow) was flash distilled, b.p. 46°/3 mm., 
ng'* 1.5602. Brooks (3) reported that nK = 1.5648. 

The acid-catalyzed polymerizations were carried out at 0°C. 
in a 20% solution in carbon tetrachloride. An ampul of stannic chloride 
was introduced into the monomer solution was the reaction tube sealed 
after freezing and evacuating. Vigorous shaking broke the ampul and 
caused the reaction to start. This technique will be described in detail 
in a later publication. The polymer product was isolated and purified 
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by the usual method of successive precipitations in methanol. All 
sanq;>les were analyzed for chlorine. 

The copolymer composition curves were plotted. For the acid 
catalyzed cqpolymerization the ratios of propagation rate constants 
were found to be r. * 0.03 (i 0.005) and r- = 18 (-3). For peroxide 
catalysis r^ s 22(^) and r, s 0 (^O.Ol). Tins means, for the former 
case, that anethole monomer is more reactive, with either anethole 
oro-chlorostyrenecarboniumion, than is o-chlorostyrene monomer. 
This ml|^ be e^qpected because the presence of methyl and methoayl 
groiqps increases the electron density at the double bond. In radical 
polymerization, anethole is much less reactive with an o-chloro¬ 
styrene radical and is very unreactive with an anethole radical. 

The conclusion seems warranted that 1,2 disubstitution on the 
ethylenic double bond does not play as pronounced a steric role in 
ionic polymerizations as in the radical type. 
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A NOTE ON THE OSMOMETRY OF POLYVINYL 
ACETATE'ACETONE SOLUTIONS 

In ''Intrinsic Viscosities and Molecular Wei^ts of Polyvinyl 
Acetates," J. Polymer Sci., 2, 21-35, February, 1947, all values 
ot ft ^ given for the system, polyvinyl acetate in acetone are incorrect. 
This fact, which was brought to the author's attention by Dr. L. A. 
McLeod,^ the Canadian National Research Council, and to whom he is 
greatly indebted, was evidently the result of the accidental inclusion 
of a factor of 1/2 in the evaluation of the RTd]/Mid| term used in the 
calculation of the values from the data. The values of (1/2- /itj) 
calciilatedfrom the values quoted in the p^er are, therefore, too 
large by a factor of two. 

At the time of the preparation of the original paper, a value of 
1.14 grams per cc. was employed for the density of polyvinyl acetate 
(d,) instead (rf the now more widely accq)ted value of 1.19 grams per 
cc. (cf. W. G. Wearmouth, J. Sci. Instruments, 132, 1942), although 

this difference has only a slight effect on the resultant magnitude of 
Mr 

The average of the /(j values reported for the polyvinyl acetate 
fractions was 0.387, whereas it should have been 0.444 or 0.439 depend¬ 
ing upon whether the density of the polymer is taken as 1.14 or 1.19 
grams per cc. The same error was automatically carried into the 
evaluation of from the published data of Robertson, McIntosh, and 
Grummitt, Can. J. Research, B24, 150 (1946). The quoted average 
value of 0.377 should have been 0.438 or 0.433 depending upon the 
polymer density value used. 
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"Crystalline Enzymes." Northrop, Kunitz, and Herriott. Columbia 
Univ. Press, New York, 1948, 352 pp., $7.50 

This valuable contribution to enzyme chemistry from the 
laboratories of the Rockefeller Institute at Princeton is a timely 
successor to the book "Crystalline Enzymes" by Northrop, which 
appeared some ten years ago. As is indicated in the preface, the 
book, like its predecessor, is restricted to work carried out in the 
authors' laboratory and to related topics. This is at once both a 
source of strength and a defect; the former since the authors treat 
their material with unquestioned authority; the latter since a more 
comprehensive treatment of enzyme chemistry by these authors would 
be widely welcomed. Chapters on the general chemistry of enzymes, 
on pepsin, pepsinogen, chymotrypslnogen and chymotrypsin, trypsln- 
ogen, trypsin and trypsin inhibitor, carboxypeptidase and bacterio¬ 
phage, existing also in the original book, have been enlarged and 
modernized. Corresponding with the development of the subject of 
crystalline enzymes, the following new ch^ters have been added; 
pepsin inhibitor, crystalline ribonuclease, crystalline hexokinase, and 
crystalline diphtheria antitoxin. This, the greater and most valuable 
part of the book, is concerned with the isolation, crystallization and 
purification of enzymes, precursors, and inhibitors, with their 
examination by various physical and analytical tools, and with the 
details of enzyme action. 

Two further chsqiters, on the reaction of mustard gas with 
enzymes and on enzymes and the synthesis of proteins, are also 
included. In many ways these chapters are out of line with the rest 
of the book and presumably are included because their subject matter 
forms part of the program of work in the authors' laboratoiy. An 
appendix of some sixty pages, containing discussions on certain 
practical aspects of enzyme preparation and purification, and detailed 
experimental directions, adds considerably to the value of the book to 
the experimental worker. Indeed, as is later suggested, some of the 
material in the appendix could justifiably be included in the main text. 
A con 4 >rehenslve list of references and index is provided. 

Although the bulk of the material presented in the book has al¬ 
ready appeared in original papers by the authors and others, the book 
attenq>ts to fulfill an important function by collecting in 1 volume 
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and coordinating so much related material. However, some criticism 
may justifiably be directed against the too-slavish following of the 
original manuscripts and the consequent lack of coordination. Thus 
it would have been in the Interests of continuity if a discussion of the 
chief physical methods employed in examining enzyme and protein 
systems had been included at the beginning of the book rather than at 
scattered points in the text (e.g., pages 177, 19?, 288). Further, in 
utilizing e]q>erimental data, diagrams and tables drawn from the 
original papers have not in many cases been sufficiently modified 
and labelled to make for clarity in their new surroundings, especially 
for those not directly working in the subject; it is hoped that in further 
editions this defect may be remedied. 

In ^ite of minor points to be criticized, the book does provide 
a clear account of the physical and chemical investigation of a number 
of important crystalline enzymes, an account which should be of value 
not only to the enzyme chemist but to those in the neighboring fields 
of polymer chemistry. The reviewer has no hesitation, therefore, in 
commending it. 


Paley Johnson 
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Denaturation of Plant Proteins. II. Increase of 
Viscosity and Reducing Capability (Estimated by 
Titration with Iodine} Associated with Denaturation 

B. JIRGENSONS,* Department of Chemistry, Victoria 
University of Manchester, Manchester, England 


INTRODUCTION 

In the previous article (part I) (1) it was stated that after denatu¬ 
ration of potato albumin and legumin the viscosity increases; simul¬ 
taneously, there is an increase in the amount of iodine required for 
oxidation of the reducing groiq)s of the denatured protein. 

The experiments were continued, extending them to some other 
denaturing agents as sodium dodecylbenzene sulfonate, sodium salicy¬ 
late, and the alcohols. The solutions of legumin in different salt sol¬ 
utions, such as potassium bromide, calcium chloride, potassium thio¬ 
cyanate, magnesium nitrate, etc. were titrated with iodine; it was 
found that the amount of iodine required for oxidation is usually very 
low, with the exception of potassium thiocyanate solutions. Potassium 
thiocyanate denatures legumin like salicylate or dodecylbenzene sul¬ 
fonate, increasing the viscosity as well as the amount of iodine re¬ 
quired for oxidation. The influence of pH and temperature on the re¬ 
action with iodine was determined. The properties of deaminated leg¬ 
umin with respect to viscosity and reducing capability were investi¬ 
gated. Besides, it was found that ethyl and propyl alcohols of 2-30 
volume per cent do not cause any denaturation of legumin, although 
the intrinsic viscosity of the solutions with salt, e.g., CaCl., and much 
alcohol is high. This indicates that the increase of viscosity in these 
cases is not due to the loosening and uncoiling of the compact legumin 
molecules, but to some other reasons. Thus, from the intrinsic vis¬ 
cosity only, there is no possibility of concluding anything about the 
transformation of globular particles in fibrous (as in the previous 
paper (1)) regarding the example of legumelin. 

EXPERIMENTAL 

Legumin used in the following experiments was extracted from 
green pea or horse bean meal. 700 g. of meal was treated at room 
temperature with 2 liters of 10% NaCl. After several days the solid 
was separated from the extract by filtration through a glass cloth. 
The filtrate was clarified by Sharpies supercentrifuge (25,000 r.p.m.) 
and legumin precipitated by saturated ammonium sulfate. Mainly, 
2-4 fractions were obtained. The number of fractions and the amount 
of each fraction depends upon the method of precipitation. If a sat¬ 
urated solution of ammonium sulfate is added until slight turbidity is 
evident, and after removing the first precipitate only a small surplus 
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of salt is again added, four or even six fractions can be obtained; the 
two first fractions appear at 54-58% saturation, the third and fourth 
at 66-72%, and the last at about 80% saturation. If, however, so much 
ammonium sulfate is added that flakes appear in a half a minute, only 
two or three fractions can be separated. In the following e^eriments 
those fractions have been used which were precipitated by 66-72% sat¬ 
uration. The wet precipitates, containing ammonium sulfate, were 
dissolved in water and dialyzed; the globulins, which were precipitated 
were filtered off, redissolved in 10% NaCl, reprecipitated with am¬ 
monium sulfate, again dissolved in water, and dialyzed until no sul¬ 
fate ions were detected in the dialyzing water. The pure white pre¬ 
cipitates formed by the dialysis were filtered off and dried in a vacu¬ 
um desiccator at room temperature. With respect to solubility and 
denaturation, there is no difference between the legumin of green peas 
and beans, but there are some differences between the fractions with 
respect to viscosity and reducing capability. 

The viscosity was determined by an Ostwald capillary visco¬ 
meter (water number 188.6 sec.) at 25.0°C. The titrations were car¬ 
ried out with a solution of 0.002 N iodine in 0.2 N potabslum iodide in 
the presence of starch until color appeared. 

INFLUENCE OF pH AND TEMPERATURE ON IODINE REQUIRED 

FOR OXIDATION (2) 

A soln. of 2% legumin in 10% NaCl was used. 10 cc. of this sol¬ 
ution was mixed with 10 cc. of a Mcllvaine buffer solution (x cc. 0.1 M 
citric acid with y cc. 0.2 Msec, sodium phosphate). These titrations 
were carried out at 15°C. The results are shown in Table I. It is ob¬ 
vious thatbetweenpH5.0and5.8 the values are constant, but they de¬ 
crease at a lower pH and increase rapidly at a higher pH. The sol¬ 
utions of legumin used formerly and also in the following experiments 
have had a pH of 4.9-5.9. 

TABLE I Titratioa of Legiunin with 0.002 Iodine at Different 
pH (t + 15-C.J 


pH of mixture Iodine required for 20 cc., cc. 

4.0 . 1 . 0 '>; 1.00 

4.9 .1.56; 1.58 

5.4.I.6O; 1.58 

5.8 .1.60; 1.65 

6.2 . 1 . 80 ; 1.75 

7.8 .2.44; 2.50 


The dependence of reducing ability on temperature is shown in 
Table II. It is obvious that at room temperature the values are almost 
independent of little variations of temperature, but they increase rap¬ 
idly at above 25-30°. 

DENATURATION BY POTASSIUM THIOCYANATE 

The solutions of legumin in NaCl, KBr, Kl.CaClj, or MgiNO,), 
have a low reducing ability: for the oxidation of 10 cc. 1% legumin sol- 
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utlon there was required (at 15°C. and pH 5.2-5.8) 0.8-1.0 cc. iodine 
for theonce-reprecipitated fractions, and only 0.1-0.6 for the twice- 
reprecipitatedfractions. However, the solutions of legumin in KCNS 
have a much higher reducing power. After subtraction of the amount 
required for the reduction of the solvent, there remains for legumin 

TABEE II. Titration of Lej^ujnin at Different Ten^jeraturesj 
pH = 5.? 


Ten^ierature, °C. 

5 . 

1^) . 

2";. 

^0. 

kO . 


loillne required for 10 cc. of 
leiqxTiin, cc. 

.0.80; 0.V7 

. 0.88; O.on 

. 0.90; 0.9' 

. 1 . 75 : 1 . 1 

. -."0; 


(10 cc. 1% solution) 3.2 cc. iodine. (These titrations were made at 
+5°C. It is noteworthy that the intrinsic viscosity of legumin in the 
case of potassium thiocyanate also is much higher than the viscosity 
in solutions with NaCl, KI, CaClj or Mg(N 03 ) 2 . Some of the results 
are summarized in Table HI. 


TABLE III. Intrinsic Vir.co.:iV Kolucinc Ability o." Log-omin in 
if M KCNS and M CaCl,- 



In U M KCNS 


in 

M CaClp 

c of 
fT.unin, 

Ic- 

r.A. ’"cp/c 

I < ’'' 

for 10 c j ., 
cc. 

c of lo- 

Iodine 
for 10 cc., 
’^p/c cc. 


0.037 


0 {) 

0.00''-5 0.6 


(.'.0^1 


10 

0.0060 0.? 

j 

0.0P8 

- 

r 

y 

0.0058 

f .‘i 

0.0'V 

- 

0.7' 

0.0068 

l.f 

> 0.0?7 


i.r7 

0 006Q 


In this and all other tables the intrinsic viscosity is equal to 
’Isp/c; c (concentration) is expressed in g./liter, Tjrel °*’‘ 

c-»o 

Flowin‘^ tinie of Ipniiran in ^ 

riowin;’ time of solvent 

LEGUMIN IN SOLUTIONS CONTAINING ALCOHOL 

Many years ago the author found (3) that some nonsolvents of 
proteins, e.g., propyl alcohol, in the presence of high concentrations 
of salts, cause flocculation when the concentration of nonsolvent is 
5-20% and above 60 volume per cent but at 35-55 volume per cent of 
propyl alcohol a strong peptizing action was observed. This was found 
at first in the case of casein, egg albumin, and hemoglobin, and later 
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also with the potato proteins. It was found recently that a similar be¬ 
havior shows legumin (the results concerning the flocculation will be 
published in another p^er). 

The question now arises as to whether or not the phenomena of 
coagulation at 5-20 volume per cent and peptization at 35-55 volume 
per cent are dependent on the denaturation of legumin. The titrations 
with iodine, which were carried out with several samples of legumin 
with calcium chloride, potassium iodide, and magnesium nitrate and 
2-30 volume per cent of propyl alcohol showed that there is no de¬ 
naturation (Table IV). The reducing ability of legumin at 5-10 volume 
per cent alcohol (where coagulation occurs) is the same as at 30 vol¬ 
ume per cent (where the solution does not flocculate) and as low as 
when alcohol is not present. 


TABLE rv. Viscosity and Eeduolng Ability of Legumin in Solutions 
Containing Salts and Propyl Alcohol 



Solution 


Iodine required for 

10 cc. 0 . 45 t legujnin 
in the- solution of 
column 1 , cc. 

1 . 

O.kio legumin with OA m./l- 
CaCls and 2 vol. In alcohol 

0.0052 


0.22 

2 . 

legumin with 0.4 m./l. 
CaCl2 and 5 vol. ^ alcohol 

0.006? 


0.?U 

3 . 

0 . 4 ^ legumin with 0.4 m./l. 
CaCl2 and JO vol. 1 o alcohol 

0.025 


0.21 

1^. 

0 . 4 ^ legumin with 0.8 m./l. 

KBr and 5 vol. ^ alcohol 

0.0050 


0.20 

5 . 

0 . 4 ^t legumin with 0.8 m./l. 

KI and 10 vol. alcohol 

0.0055 


0.24 

6. 

0 . 4 ^ leg\miin with 0.4 m./l. 
Mg(N03)2 and 2 vol. alcohol 

0.0052 


0.18 

7. 

0 . 4 ^ legumin with 0.4 m./l. 
Mg(N03)2 and JO vol. $ alcohol 

o.oie 


0.15 


The titrations in these cases were carried out at +5°C., as were 
those solutions titrated without legumin, and the values mentioned in 
the Table IV represent differences in titration values of the solvent 
with legumin and in amount of iodine required for the solvent without 
protein. All the mixtures mentioned were only slightly opalescent, 
but some of them grew turbid with time. 

Perhaps denaturation takes place at very high concentrations of 
the alcohols or at a higher temperature. The titrations with unheated 
mixtures containing 50-60% alcohol gave no definite answer to this 
question because of the difficulty of fixing the end-point of the reaction. 

It is noteworthy that the viscosity of legumin in the solutions 
containing much propyl alcohol is high. Inasmuch as no denaturation 
can be proved, one can only conclude that in these cases the increase 
of viscosity is not due to any conversion of globular molecules into 
fibrous, but to the interaction of the legumin molecules with those of 
the components of the solvent, when a structuration gradually occurs. 
Thisissiqpportedbythe facts that viscosity increases with time when 
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concentration of legumln is high enough (0.4%), but remains almost 
constant when the concentration is low (Table V). 

table Y. Changes of Viscosity with Time for 0 .ii$ and 0 . 1 $ Legumln 
in Solutions Containing Salt and Propyl Alcohol" 


legumln with 0.8 m./l. KI 0 , 1 $ legumln with 0.4 m./l. 
and 40 vol. $ alcohol CeiClg and 50 vol. $ alcohol 


Hours 


Hours 


V 4 

o,o?5 

1 

0.035 

1 

0 . 0?5 

2 Va 

0.054 

3 

0.056 

00 

0.032 

PO 

0.070 

48 

0.031 

60 

0.090 

60 

0.031 

“a similar increase 

wus observed 

with several 

other salts and with 


55 , 45 , or 50 volume per cent propyl alcohol when the concentra¬ 
tion of protein was not less than 0 . 7 $ 


DENATURATION BY SODIUM SALICYLATE 

Legumln dissolves easily in 3 M sodium salicylate. The sol¬ 
utions have apH of 5.8-6.2 and are very viscous. The titrations with 
iodine showed that denaturation takes place (Table VI). 

It is remarkable the i 7 sp/c increases with decreasing concen¬ 
tration of legumln. This inmcates that, in the denaturation with 
salicylate, elongated heteropolar particles are formed, like the poly¬ 
acrylic acids (4). 

TABLE VI. Viscosity and Beducing Ability of Legumin in 5 M 
Sodiiim Galicylnte Solution" 


c of lef^urJLn, t^./l. 

"si/" 

0.002 N iodine required 
for 10 cc., cc. 

10 

0,008 

2.6 

6 

O.OOS^ 

1.5 

2.3 

0.030 


1 .P 3 

0.032 


0.603 

0.036 



, “The intrinsic viscosity of the same legumin in 10 ^ NaCl wm 
0 . 0040 ; the reducing ability, 0.6 cc. iodine for 10 cc. 1 ^ 
legumln. ___ 


Although the intrinsic viscosity of legumln in salicylate is high, 
there is no Increase in viscosity with time, and indication that the 
changes of viscosity in this case are not due to some structuration of 
the whole system, but to the conversion of globular particles in fibrous. 
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DENATURATION BY SODIUM DODECYLBENZENE SULFONATE (5) 

This detergent (Santomerse No. 3, Monsanto), which has a long 
lyophobic chain, has a much stronger peptizing action on legumin than 
sodium salicylate, Kl, or KCNS. Even a O.S% solution of the detergent 
dissolves legumin easily. These solutions have a pH of 5.8-6.1, a high 
intrinsic viscosity, and higher reducing ability than solutions of legu¬ 
min in KI or similar salt solutions. Some of the results are presented 
in Table VH. 


TABLE VII. Intrinsic Viscosity and Reducing Ability of Legumin 
In Dilute Solutions of^ Sodlm Dodecylbenzene 
Sulfonate (Santomerse) 


In 256 solution of Santomerse 

In 0 .‘ 55 t solution of Santomerse 

c of legumin 


Iodine, 

cc. 

c of legumin 


lofiine, 

cc. 

10 

0.016 

1.5 

10 

0.011 

1.6 

5 

0.017 


5 

0.010 


2.5 

0.016 


2.5 

0.011 


1.25 

0.015 


1.25 

0.010 



“The imounts of Iodine mentioned vere required for 10 cc. 
solutions; the same amount of legumin in 105 ^ NaCl required 0.(3 
cc. iodine. 


INTERACTION OF LEGUMIN WITH NITROUS ACID 

It was found some years ago that proteins which are treated 
with nitrous acid in rather concentrated solutions of acetic acid are 
deeply denatured. For instance, deaminated albumins are insoluble 
in water and soluble only in alkalis, the solutions having high intrin¬ 
sic viscosity (6). It was concluded that the formerly globular mole¬ 
cules of the spheroproteins by the treatment are converted into fib¬ 
rous particles. Some measurements which were carried out by Pro¬ 
fessor W.W. Lepeschkin (University of Vienna, 1943) showed that some 
of the deaminated proteins have a greater molecular weight than the 
native proteins (unpublished results). 

However, the results are very different when deamination is 
carried out in very slightly sour solutions. The deaminated products 
are then much more easily soluble, and there is no indication of a deep 
denaturation. This was found now in the cases of casein and also with 
legumin. 

2 g. legumin was dissolved in 100 cc. 10% NaCl, 2 g. sodium ni¬ 
trite; later, 10 cc. of 0.1 N acetic acid was added in small portions. 
After adding the acid, nitrogen bubbles appeared, but no precipitate 
was formed. After standing overnight at room temperature the clear 
solution was dialyzed in distilled water until no electrolytes could be 
detected in the water. During the dialysis a yellowish substance pre¬ 
cipitated. This was filtered off and dried. Only 1.1 g. of the deaminated 
legumin was obtained. Some denatured albuminlike product remains 
in the filtrate (after dialysis); it flocculates by heating, like legumelin. 
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This mildly deamlnated legumin dissolves easily in 10% NaCl, 
and these solutions differ only slightly in viscosity and reducing abil> 
ity when compared with the native product. Some of the results are 
shown in Table m. 

TABLE VIII. Viscosity and Beducing Ability of Dsaminated legumin 
and legumin in 10 ^ NaCl 


Deamlnated legumin 


Legumin 

c of legumin, 

Iodine for 
10 cc., 
Hsj/o cc. 

Iodine for 

c of legumin, 10 cc., 

g-/l- ’Igj/c cc. 

10 

0.0067 0.28 

10 

0.0052 0.1^8 

5 

0.0078 

5 

0.0055 

2.5 

0.0082 

2.5 

Q.OO5O 


DISCUSSION AND CONCLUSIONS 


In the previous paper (1) it was stated that the denaturation of 
the investigated plant proteins is connected with the increase of 
their viscosity. The reducing ability after denaturation increases ap¬ 
proximately in the same proportion as the viscosity. Only in the case 
of legumelin, which is very probably adegradation product of legumin, 
is there a very high reducing ability, but the viscosity of the solutions 
is very low. 

In the experiments described in this paper it was found that by 
denaturation the increase in viscosity parallels the increase in re¬ 
ducing ability when legumin is dissolved in solutions of potassium 
thiocyanate, sodium salicylate, and sodium dodecylbenzene sulfonate. 
However, with propyl alcohol (also with ethyl alcohol) and salt, which 
does not denature, the intrinsic viscosity is high, but the reducing 
power low. 

The changes in shape of molecules of the dissolved proteins can 
be definitely determined only from measurements with very dilute 
solutions of the protein (see ref. 7). Thus,by considerlngthe results 
shown in Tables m, VI, VB and vm, there is almost no doubt that by 
denaturation with KCNS, sodium salicylate, and the detergent the globu¬ 
lar molecules of legumin are either loosened and partly uncoiled or 
split into more elongated particles. Very important here also is the 
dependence of viscosity on the concentration of the protein: as seen 
from the tables, does not Increase with concentration in the 

regionof low concentrations; this is a proof that in the cases of KCNS, 
salicylate, and detergent no Internal structuration takes place, although 
the viscosity of some of the solvents themselves (3 M sodium salicy¬ 
late) is very high. Of course, it would be desirable to prove this with 
some other physical method, as the streaming birefringence. 

Now, in the cases of 30-40% propyl alcohol and salt, at least at 
lower concentrations of alcohol, no denaturation takes place, yet the 
viscosity of the protein is high. One can only conclude that in these 
viscous solvents ^ructuration takes place in the whole system. Some 
conclusions can also be made from the changes of viscosity with time 
at various concentrations of the protein. In the very viscous solutions 
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with salicylate or urea (1) viscosity does not Increase with time; It In¬ 
creases in the case of potato albumin in pyridine-water (1) or in the 
casesofpropylalcoholwhentheconcentrationofprotelnis high (0.4%), 
but does not increase when the concentration is small (0.1%, see Table 
V). Thus it may be concluded that despite the elongated (or loosened 
or branched) particles which may be assumed in the solutions of urea 
(1) or salicylate, there is no structuration, but it may occur in the sol¬ 
utions with pyridine (1) or with propyl alcohol and salt. Inasmuch as 
the reducing ability of legumin in the solutions containing alcohol is 
very low, it is possible that the reason for the high intrinsic viscosity 
lies in the interaction of the globvilar particles with the solvent, l.e., 
a continually b\iilding-in of the protein in the loose chains and nets of 
the solvent molecules. 

In general, in the cases of viscous solvents and high intrinsic 
viscosity of protein there are three probabilities; (a) only change of 
shape occurs, (b) only structuration takes place, and (c) change of 
shape and structuration both occur. The solution of salicylate acts 
according to a; an example of type b is propyl alcohol (with salt); 
pyridine is perhaps an example of type c. 

In the case of propyl sdcohol and salt the increase of viscosity 
with time (Table V) occurs only when the concentration of protein is 
high; this increase is an introduction to gelation, and at still higher 
concentrations of legumin (0.8%) a very loose jelly is formed. That 
too is a proof that the cause of the increase is structuration, and at 
the same time a proof that the protein particles in this viscous sys¬ 
tem are globular, i.e., corpuscular, since in several instances with 
linear molecules a much smaller concentration of the colloid is need¬ 
ed for formation of jellies. 
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Synopsis 

Legumin of green peas and horse beans was dissolved in solutions 
of several salts and the viscosity and reducing c^ability of these 
solutions was determined. The amounts of iodine required for 
titration (reducing capability) are dependent on the pH of the solution 
and on the temperature; between pH 5.0 to 5.8 and -i-5° to +25° the 
titration values are almost constant. By comparing several neutral 
salts it was found that in the cases of sodium chloride, potassium 
bromide, potassium iodide, calcium chloride and magnesium nitrate 
the reducing capability and intrinsic viscosity of legumin both are low; 
however, in the case of potassium thiocyanate both values are high. 
No denaturation takes place in solutions containing 2-30% ethyl- or 
propylic alcohol and calcium chloride or like salts. Sodium salicylate 
causes denaturation;the intrinsic viscosity and reducing capability of 
legumin in these solutions is high. Sodium dodecylbenzene sulfonate 
has a strong peptizing action on legumin and denaturates it. After a 
mild deamination of legumin with nitrous acid only slight differences in 
viscosity and reducing capability could be observed. The solutions 
containing much propylic alcohol and salt grew in time more and 
more viscous, if the concentration of legumin was high, but remained 
of the same viscosity when the concentration of legumin was low. It 
was concluded that in these cases the high viscosity of legumin is 
due not to unfolding of the compact coils of native legumin, but to the 
interaction of the particles with the molecules of the solvent and to 
subsequent structuration. Loosening and transformation in more 
elongated particles may be assumed in the cases with thiocyanate, 
salicylate, and the detergent. 


Resume 

La l^gumine des pois verts et des feves a ete dissoute dans de 
nombreuses solutions salines; la viscosite et le pouvoir reducteur de 
ces solutions ont ete determines. La quantite d’iode, necessaire a la 
titration (pouvoir reducteur) est fonction du pH des solutions et de la 
temperature; entre pH 5.0 et 5.8 et une temperature de 5° S 25°, ces 
valeurs titrimetriques sont la plupart constantes. En comparant 
1'influence de plusleurs sels neutres, tels le chlorure de sodium, le 
bromure et I'lodure de potassium, le chlorure calcique et le nitrate 
de magnesium, on constate que le pouvoir reducteur et la viscosite 
intrinseque de la legumine sont faibles; en presence de thiocyanate 
de potassium, ces deux proprietes atteignent toutefois des valeurs 
elevees. Aucune denaturation n'a lieu dans le cas des solutions 
contenant 2 a 30% d'alcool ethyllque ou propylique et du chlorure 
calcique ou des sels similaires. Par contre le salicylate sodique 
entraine une denaturation, et dans ce cas, la viscosite intrinseque 
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et le pouvoir reducteur sont elev^s. Le dodecylbenzine-sulfonate 
sodique exerce un effet peptisant Inergique sur la legumine, etsa 
denaturation. Par desamination faible de la le^mine par I'acide 
nitreux, on n'observe que de falbles differences de viscosite et de 
pouvoir reducteur. Les solutions, contenant plus d*alcool propylique 
etde sels, deviennent de plus en plus visqueuses, si la concentration 
en legumine est eleveie; elles restent, au contraire isovisqueuses si 
la concentration en legumlne est faible. On conclut, que dans les cas 
de vlscosltes elevles de la llgumine, cet effet n'est pas du au der> 
oulement des particules conq)actes de la legumlne native, mais est 
du i 1'interaction de ces particules avec les molecules du solvant, 
suivies de structuration ulterieure. Un rel&hement et une trans¬ 
formation en particules plus allongees peuvent etre le r^sultat de 
I'actionduthiocyanate,du salicylate et du detergent. 


Zusammenfassung 

Die Viscositaet und Reduzierfaehigkeit von Legumin gruener 
Erbsen und Bohnen wurde in einiger Salze ermittelt. Die fuer die 
Titrierung hotwendige lodmenge (Reduzierfaehigkeit) ist vom pH der 
Loesungimd der Temperatur abhaengig; zwischen pH 5.0 und 5.8 und 
zwlschen+5® und +25°C. ist der Titrations-Wert fast konstant. Beim 
Vergleich einiger Neutralsalze wurde gefunden, dass im Falle von 
Natriumchlorid, Kaliumbromid, Kaliumjodid, Calciumchlorid und 
Magnesiumnitrat die reduzierfaehigkeit und die Viskositaet des 
Legumins niedrig sind; Im Falle von Kaliumthiocyanat waren beide 
Werte hoch. Keine Denaturierung wird in Loesungen die 2-30% 
Aethylaikohol Oder Propylalkohol und Calciumchlorid Oder aehnliche 
Salze enthalten, beobachtet. Natriumsalizylaet verursacht Denaturiu- 
rung; die Viskositaet und Reduktionsfaehigkeit des Legumins in diesen 
Loesungen ist hoch. Natriumbenzolsulfonat peptisiert Legumin und 
denaturiert sie. Nach einer schwachen Desaminlerung der Legumin 
durch Salpetrige Saeure konnten nur kleine Unterschiede in Viskositaet 
und Reduzierfaehigkeit festgestellt werden. Die Loesungen, die viel 
Propylalkohol und Salz enthielten, wurden mit der Zeit zaeher, wenn 
die Konzentration, von Legumin hoch war; in Loesungen von niedriger 
Konzentration, blieb die Zaehigkeit unveraendert. Es wurde gesch- 
lossen, dass in diesen Faellen die hohe Viskositaet des Legumins 
nicht vom Aufwickeln des dichten Gewlndes des natuerlichen Legumins, 
sondernvondergegenseitigen Einwirkung von Legumin und Loesung- 
mittel-Molekuelen und der daraus folgenden Strukturierung, herrue- 
hren. EineLockerungund Umwandlung in laenglichereTeilchen kann 
in den Faellen von Thiocyanat^Salizylat und der Netzmittel angenommen 
werden. 
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Thermodynamics of High-Polymer Solutions. IH. 
Swelling of Cross-Linked Rubber' 

ROBERT L. SCOTT* and MICHAEL MAG AT,® Frick Chemical 
Laboratory^ Princeton University, Princeton, New Jersey 


INTRODUCTION 

The previous articles (1,2) in this series have dealt exclusively 
with the thermodynamic properties of solutions of more or less 
linear chain molecules. However, in many of the unvulcanized syn¬ 
thetics and in all vulcanized rubbers, these linear chains are bound 
together into a three-dimensional network structure, the chains 
being cross-linked by ordinary chemical bonds, either C-C bonds, 
or in the case of vulcanizates and oxidized rubbers, perhaps sulfur 
or oxygen bonds. One may in this case speak of the whole material 
as being one huge macromolecule with a molecular weight in astro¬ 
nomical figures. 


A. THEORY 

Flory and Rehner (3) have shown that if one assumes a simple 
tetrahedral network, one may derive an expression for the partial molal 
free energy of the solvent in the swollen network. 

In the structure of Flory and Rehner, the network is assumed 
to consist of chains bound together in a repeating tetrahedral 
structure (somewhat like that of a diamond lattice) by v/2 cross-links, 
each cross-link joining four chains. Each chain is assumed to be like 
the linear chains discussed in Article I (1) with the exception that 
the two ends are bound. 

Following Flory and Rehner, we represent the partial molal free 
energy of the solvent as the sum of terms for the free energy of mixing 
(dilution) and the free energy of elastic stretching. 

" A"el ' TASei (1) 

The free energy of mixing is taken to be the same as that 
previously developed by Flory (4) and Huggins (5) for solutions of 


‘The major portion of the following work was done in 1943 on a grant 
from the Reconstruction Finance Corporation, Office of Rubber 
Reserve, for fundamental research in connection with the wartime 
synthetic rubber program. 

*Present address: Department of Chemistry, University of California, 
Los Angeles 24, California. 

’Present address; Centre National de la Recherche Scientifique, Paris, 
France. 
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linear polymers, with the addedconditionthatthe molecular weight is, 
of course, infinite. 

' KT[ln(l - ipj) +(?!.+ utp®] (2) 


where 9 ^ represents the volume fraction of rubber and /i is apara- 
meter which has been shown (1,5) to be derived from the entropy and 
heat of mixing such that; 


u = Us 



(3) 


The parameter is an entropy correction term of the order of 
0.3 for most polymer solutions, and Vq Is the molal volume of the 
solvent. The quantity 8 , which may be called ( 6 ) a "solubility para¬ 
meter”, is the square root of the "internal pressure" or "cohesive 
energy density", i.e,, the energy of vaporization per cubic centi¬ 
meter.^ 

6 = (AeVv)*^* (4) 


Flory and Rehner obtained for the elastic entropy ASel, the ex¬ 
pression: 


ts 


el 


«Vo<Pr 


RiPr 


(5) 


where Vg is the average molal volume of the chains between cross- 
linkages. Followingthe symbolism developed in Article I (1), we use 
mg for the ratio Vg/Vo- The molecular weight between cross-links 
Me is of course Vc Fr where Fr Is the rubber density. 

The contribution of the heat of elastic deformation, if any, is 
unknown. Guth and his co-workers (7) have shown that in the case 
of mechanical stretching of rubber, the contribution of the heat to the 
total free energy does not exceed 5-10% and depends only slightly on 
the amount of stretching on swelling. In view of this observation and 
due to the lack of anything better, we may assume it to be negligible 
in comparison with the other terms; 

AHei " ° 

Combining equations 2,5, and 6 , we obtain the Flory-Rehner equation: 

AFq = RTtlnd - qpj) + +~'Pr ] (7) 

“c 

If weplot AFo asafunctionof 9 r, wefind that in contradistinc¬ 
tion to non cross-linked polymers, the free energy increases initially 
so that the free energy-volume fraction curve has a positive slope at 
= 0 and reaches a maximum before decreasing regularly to - 00 , 
as shown graphically in Figure 1. The appearance of a maximum in a 
free energy-composition diagram requires that the components exhibit 
partial miscibility. Furthermore, compositions in which the partial 
molal free energy of the solvent in the solution is greater than that of 
the pure solvent are necessarily excluded. Hence, one of the phases 
must be pure solvent, and the other will have the composition cor¬ 
responding to the intersection of the curve with the AFq = O ordinate. 

We conclude from this that the solubility of the cross-linked 
network in the solvent is exactly zero, complete miscibility (or even 


^Note that we use 8 in place of theoc of Article I (1). 
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Fig. 1. Free energy relations in cross-linked systems. 

partial solubility) being prevented if thepolymer isat all cross-linked, 
no matter how loosely. 

Similarly thepolymer itself will exhibit only a limited swelling 
in even the ’’best” solvent (for which /i.^0.3), a swelling which can 
be calculated from these thermodynamic considerations.^ 

The condition for swelling equilibrium is that the free energy 
of the solvent in the swollen polymer equal that of the pure solvent 
outside, that is to say, the partial molal free energy of dilution must 
be zero. 

AFo = 0 (8) 

Therefore from equation 7: 

ln(l - cpj.) + q)j. + ncp^ + —cpj.'*'* = 0 (9) 

r tr-c ^ 

If /I, Vq and Vc are known, is uniquely determined and one can plot 
it as a function of the variables /i.and me- However, a more direct 
method of e3q)ressing the degree of swelling is as the maximum 
imbibition Q, volume solvent imbibed per unit volume polymer. Q is by 
definition related to <pj. in the following manner: 


Figure 2 gives Q as a function of /xand me- 

B. SWELLING OF VULCANIZATES 

In order to check the applicability of the theory of Flory and 
Rehner, as developed in the preceding pages, we have measured in 

^A notable attempt to explain the variation of swelling with the solvent 
was made earlier by G. Gee (8). 
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this laboratory the swelling in thirteen different organic solvents of 
the gum stocks of twelve different rubbers-Hevea (Natural rubber 
or polyisoprene), polybutadiene, five butadiene-styrene copolymers, 
Neoprene, and four butadiene acrylonitrile copolymers. 

1. E;q)erimental Procedure 

The vulcanizates used in this research were obtained from The 
Firestone Tire and Rubber Company; the compounding and curing 
formulas are given elsewhere (9). For the GR-S vulcanizates (75% 
butadiene, 25% styrene), the symbols L, M, and H refer to low, medium, 
and high percentage conversion of monomer to polymers; this increas¬ 
ing degree of conversion may be correlated with increasing gel 
formation (10). The symbols attached to the acrylonitrile copolymers 
(Buna N's) have the following significance: NM—modifier used; 
Ifa—low fatty acid content; N—modifier absent; NX—excess of acrylo¬ 
nitrile added. 



Fig. 2. Equilibrium swelling as a function of and 

Following a procedure similar to that of Whitby (11), rectangular 
pieces of vulcanizates weighing approximately 0.1 g. (25 mm. x 4 mm. 
X 1 mm. )were placed in corked test tubes containing 15 cc. of solvent 
and allowed to swell at room temperature. Every two or three days 
the samples were taken out, their surfaces r^idly dried with filter 
paper, the samples weighed and then replaced in the corked test tvibes. 
In the case of hevea, polybutadiene and Buna S rubbers, the weight of 
the swollen pieces had reached a maximum value after ^out five days 
and did not change appreciably for the next four days. From the 
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TABLE I. Maximum Imbibition Q For Various Kubber-Gums at 25 " C. 
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the room temperature (about 24°C.) varied by less than 3°C. 

The precision is probably no better than 1-2%. 

2. Results 

The data obtained are tabulated in Table I in terms of the max¬ 
imum imbibition Q, the solvents and the rubbers being arranged in 
order of increasing 8's. 

3. Calculation of for the Nonpolar Rubbers 

By rearranging equation 9, one obtains an explicit equation for 
Vg, the average molal volume between cross-links, in terms of the 
(ft's obtained by swelling measurements: 



To make such a calculation, we must utilize equation 3, which 
requires a knowledge of So, and Sr. So is calculated from standard 
thermodynamic data on heats of vaporization at 25°C.; the values are 
rounded off to units of 0,05; for these ejqperiments, greater precision 
is not justified. They are known for the above solvents.‘ No reliable 
data for the heat of vaporization at 25° exist for dioxane or nitroben¬ 
zene. In addition, the solvent "octanes" used was a commercial 
solvent of uncertain composition. We eliminate these three temporarily 
and calculate Vc for the nonpolar rubbers from the remaining time 
(there were no measurements of these rubbers in chlorobenzene), 
choosing a value of Sr to give the smallest root mean square error. 
The results are shown in Table n. The agreement is quite good 
considering the errors of measurement, andthe sensitivity of equa¬ 
tion 11 to slight errors in ^r M’* 

The values of Vc are consistently low for cyclohexane and 
consistently high for chloroform. A reasonable e^qplanation would be 
that the assumption of a constant fis i® general: there is good 
evidence, both theoretical (13) and e^qperimental (14), for some 
variation in /is, both from solvent to solvent and from polymer to 
polymer. 

It should be noted that the Sj. values are entirely reasonable: 
the butadiene rubbers increase regularly with increasing styrene 
content as is to be expected from the higher position of aromatic 
compounds in the internal pressure scale. 

4. Estimation of Sq from Swelling Data 

If Vc andQ are known, one may reverse equation 8 to calculate 
fi , and if Sf is known, use equation 10 to estimate Sq for a solvent 

^Since the original publication of this research as a wartime report to 
the Polymer Research Board, the data have been recalculated to 
conform with the latest thermal data on the hydrocarbons, "Selected 
Valuesof Properties of Hydrocarbons," Bureau of Standards Circular 
C461 (Washington, 1947). 

^Equation 11 is especially sensitive for large values of ft, since the 
denominator in these cases is the small difference of two large 
numbers, the difference being as low as 1% of the two values. 



562 


R. L. SCOTT AND M. MAGAT 


TABIS II. Molal VaLume between Cross-Links V for Ncmpolar Bubbers 
(Determined from Swelling Data) 


Rubber 

198 

214 

200 

206 

202 

208 

204 



Hevea 

Poly- 
buta¬ 
diene 85B 

15s 

75 Bt 

258^ 

Buna S 

75Bp 

25? 

6QB 

40S 


6 

. 8.35 

8.45 

8.55 

8.60 

8.60 

8.60 

8.70 

n-Hexane 

7-3 

8,800 

4700 

3700 

17,500 

5400 

4700 

10,100 

n-Heptane 

7.1^5 

8,000 

4200 

3700 

13,000 

4100 

3500 

3,900 

Cyclohexane 

8.2 

6,000 

3800 

3400 

11,000 

4600 

3500 

6,800 

Carbon tetra¬ 
chloride 

8.5 

8,900 

5800 

5800 

24,500 

8000 

5800 

11,500 

p-Xylene 

8.8 

13,200 

7000 

6600 

19,000 

8600 

6100 

13,300 

Ethylbenzene 

8.8 

10,900 

6500 

5600 

18,000 

8100 

6100 

11,600 

Toluene 

8.9 

8,600 

6500 

5800 

22,000 

7800 

6200 

12,700 

Benzene 

9.15 

7,700 

5400 

4500 

15,000 

7100 

5100 

11,300 

Chloroform 

9.25 

13,400 

7500 

6600 

19,000 

9200 

6800 

13,600 

Average 


9,500 

5700 

5100 

17,700 

7000 

5300 

10,500 

Probable error 
of the mean, 


5-9 

4.7 

5.6 

5.4 

5.9 

5.1 

7.5 


for which reliable thermodynamic measurements are lacking. We 
shall use such a procedure to estimate Sq values for nitrobenzene, 
dioxane, and "octanes." We obtain seven values for each, one from 
each of the rubbers for which we have determined Sj. add Vg. Table 
m shows the results. These correspond to heats of v^orization 
AH^at25°C.of 9.2kcal. for dioxane, 10.7 kcal. for nitrobenzene, and 
10.3 kcal. for "octanes.*" 

We shall round off these Sq valuesto 10.0, 9.9 and 7.7, respec¬ 
tively, and use them for calculations of Vc for polar rubbers. 


5. Calculation of Vg for the Polar Rubbers 

The five polar vulcanizates present an additional problem. The 
polarity which we have ignored (without justification) for polar solvents 
such as nitrobenzene cannot be Ignored for Buna N rubbers which 
contain appreciable polar CN groups. No adequate treatment of the 
heat of miidng of polar substances exists, although internal pressure 
must play some role. Since a satisfactory theoretical expression is 
lacking, we have adopted the empirical expression proposed in 
Article I: 




KVnC^o - S) 
RT 


K > 1 


( 12 ) 


^Since these values may involve an implicit correction for polarity, 
they should not be taken too seriously, especially that for nitrobenzene. 
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Using equation 12, we have calculated Vc for the five polar 
rubbers, choosing values of K and Sj. such as to minimize the mean 
square error. As noted earlier, equation 11 is extremely sensitive to 
small errors when/i is large, so solvents for which fi exceeded 0.8 
were not used in calculating Vc- Table IV shows the results for the 
five polar rubbers. 


TABLE III. Estimation of 6^ from Swelling Data 


Rubber 

Dioxane 

Nitrobenzene 

•’Octanes” 

198 

9-93 

9 - 9 h 

7.70 

21k 

10.05 

10.05 

7.71 

200 

10.02 

9.99 

7-67 

206 

9.96 

9.88 

7.75 

202 

9-97 

9.90 

7.73 

208 

10.01 

9.92 

7.81 

20k 

9.90 

9-19 

7.70 

Average 

9.98 

9.92 

7.72 


TABLE IV. V for Polar Rubbers 
c 




216 

210 

226 

218 

212 

ibber 

Neoprene 

GN 

Buna N 

NM 

NM 

Ifa 

N 

NX 

Solvent 

V- 

X 

9.25 

1.0 

9.5 

2.1 

9.5 

2.1 

9.5 

2.1 

9.6 

2.7 

Cyclohexane 

8.2 

1,700 

- 

- 

- 


Carbon tetrachlo- 







ride 

8.5 

10,800 

2700 

4700 

2300 

2900 

P“ Xylene 

8.8 

15,100 

4000 

6100 

2900 

2600 

Ethylbenzene 

8.8 

13,500 

5200 

7300 

2800 

5100 

Toluene 

8.9 

10,300 

5500 

6600 

1900 

2400 

Benzene 

9.15 

8,500 

1500 

5100 

1400 

1900 

Chloroform 

9.25 

9,100 

5500 

5800 

3100 

4400 

Chlorobenzene 

9.5 

15,400 

5100 

6600 

2100 

3600 

Nitrobenzene 

9-9 

7,500 

5500 

5600 

1600 

2700 

Dioxane 

10.0 

6,100 

5900 

5200 

2400 

1700 

Average 


9,800 

4000 

5400 

2500 

2800 

Probable error 







of the mean, 









12.0 

8.5 

6.2 

5.8 

6.7 
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Except for Neoprene in cyclohexane, the agreement Is fairly good. 
Rather striking is the fact that the best fit^ for neoprene is 
given with K = 1.0, implying that Neoprene behaves like a nonpolar 
rubber. 

Table V shows the swelling Q calculated for these poor solvents 
for which Vp could not be calculated in Table IV. 

TABLE V. Swelling In Poor Solvents 


Solvent 

u 

^calc. 

^obs. 


216 

- Neoprene GN = 9800 


n-Hexane 

1.15 

?5 0.31 

0.26 

n-Heptane 

1.10 

67 0.33 

0.21 

Octanes 

0.95 

60 0.48 

0.45 


210 

- Buna HM V = 4000 




c 



n-Hexane 

2.52 

30 

0.04 

0.10 

n-Heptane 

2.46 

27 

0.04 

0.04 

OctdHes 

2.15 

25 

0.06 

0.13 

Cyclohexane 

0.94 

37 

0.46 

0.26 



226 

- Buna NM If a 

= 5400 


n-Hexane 

2.52 

kl 

0.04 

0.17 

n-Heptane 

2.46 

57 

0.04 

0.11 

Octanes 

2.15 

55 

0.06 

0.21 

Cyclohexane 

0.94 

50 

0.48 

0.34 


218 - 

Buna N V = 
c 

2300 


n-Hexane 

2.52 

18 

0.04 

0.15 

n-Heptane 

2.46 

16 

0.04 

0.04 

Octanes 

2.15 

14 

0.06 

0.13 

Cyclohexane 

0.94 

21 

0.42 

0.28 


212 - 

Buna NX V = 
c _ 

= 2800 


n-Hexane 

3.42 

21 

0.015 

0.06 

n-Heptane 

3.36 

19 

0.015 

0.05 

Octanes 

2.94 

17 

0.02 

0.05 

Cyclohexane 

1.26 

26 

0.22 

0.10 


C. RELATION OF THE ELASTIC MODULUS TO THE MOLECULAR 
VOLUME BETWEEN CROSS-LINKS, Vc 

In recent years we have seen the development of an extensive 
theory of elasticity for cross-linked polymers, contributed largely by 
Wall (15), James and Guth (16), Flory andRehner (17), andTreloar (18). 

Accordingtothesetheories, we may regard the rubber network 
as a cube incompressible, but capable of distortion under stress to a 

^Contrary to s^pearances, better agreement is not obtained for Neo¬ 
prene by increasing K and increasing 8r- This, it is true, increases 
V(. for cyclohexane, but at the same time throws xylene, ethylbenzene 
and chlorobenzene farther out of line. 
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parallelepiped of dimensions Lx, Ly, Lx with Lx == Ly. According 
to the assumption of incompressibility: 

LjL, = 1 (13) 

Assuming that the chains follow a Gaussian distribution, and 
with a reasonable theory which considers only the distribution between 
the ends of the chains (i.e., the linkage), we find for the tension Z, 


z = 




(14) 


where Lz is, of course, the extension in the direction of stretch. 
Similarly the differential Young's modulus: 


E 




(15) 


Further, if the stress is referred to the actual cross section, we 
obtain still a third modulus; 



(16) 


This latter quantity t has been measured in the Physics Re¬ 
search Laboratory of The Firestone Tire and Rubber Company, on the 
same samples of vulcanizates on which our swelling measurements 
were made. Measurements were made a few seconds after stretching 
to 100% elongation (Lz = 2) at 40°C. In this case: 

(17) 

Vc 

or, expressing the results in pounds per square inch: 


1,326 X 10® 

X = - - - p.s.i. 


(18) 


Table VI and Figure 4 compare values of r calculated in this 
way with the experimentally observed values. 



I/Vc X lO"^ 


Fig. 4. The relation between cross- 
linking and the elastic modulus. 
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TABIB VI. 


Polymer 

No. 

V 

c 


M 

c 

^calc. 

^obs. 

Error, $ 

Hevea 

198 

9,500 

0.967 

9,200 

140 

182 

-23 

Polybuta- 

diene 

214 

5,700 

0.976 

5,600 

233 

254 

- 8.3 

Buna S 

85/15 

200 

5,100 

0.985 

5,000 

260 

264 

-1.5 

75/25 low 

206 

17,700 

0.997 

17,600 

75 

69.1 

8.5 

75/25 med. 

202 

7,000 

1.01 

7,100 

189 

198 

- 4.5 

75/25 high 

208 

5,500 

1.018 

5,400 

250 

24 l 

3.7 

60/1+0 

204 

10,500 

1.021 

10,700 

126 

104 

21 

Neoprene 

GN 

216 

9,800 

1.27 

12,400 

135 

164 

-18 

Buna NM 

210 

4,000 

1.02 

4,100 

332 

527 

1.5 

Buna NM Ifa 

226 

5,400 

1.004 

5,400 

245 

322 

-24 

Buna N 

218 

2,300 

1.01 

2,500 

577 

551 

4.7 

Buna NX 

212 

2,800 

1.054 

2,900 

474 

453 

4.2 


The average error is only 10%, and the maximum error 24%. 
Consideringthe limitations of the theory, the errors of measurement, 
etc., this is remarkably good. 

D. ANALYSIS OF EXISTING DATA ON THE SWELLING 
OF VULCANIZATES (NATURAL RUBBER) 

Inviewofthe success achieved in applying the theories of Flory 
andRehner to the swelling measurements made in this laboratory, it 
is of interest to attempt to apply this treatment to some of the swelling 
data existing in the literature. 

By far the largest amoimt of data reported to date is that on the 
swelling of natural rubber in various solvents accumulated by Whitby 
and co-workers (11). We may assume that the value of 8j.is 8.35, the 
same as that of the Firestone Hevea sample measured in this labora¬ 
tory, since S'j. depends only on the microstructure of the polymer. 
Vc depends upon the degree and method of vulcanization, and so must 
be redetermined from this sample. This value was calculated for 
benzene (7100), and toluene (7100), giving an average of 7100. 

Taking Vc as 7100 and the values of 8 q and Vq calculated from 
thermodynamic data, Q was calculated for a variety of solvents and 
is compared with Whitby's experimental data in Table vn.‘ 

^Calculations of Q were made only for those solvents for which 8o 
could be determined from existing data on heats of v^orization 
or vapor pressures. Hence only a small fraction of the e3q)erimental 
data is represented in Table VII. ^proximate calculations of 8o from 
the boiling point using the "Hildebrand rule" yield good agreement 
between Qobs. and Qcalc. for nonpolar solvents, but the imcertainty 
of the "rule" does not warrant their inclusion here. 
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TABLE VII. Svelling of Natural Rubber in Various Solvents 
(6^ = 8.35, \ = 7100) 


Solvent 

V 

0 

6 

0 


c 

%alc. 

^obs. 

HydrocflLrt>oKi8 

n-Pentane 

116 

7.05 

0.63 

61 

1.4 

1.12 

n-Hexane 

131 

7.3 

0.54 

54 

1.8 

1.18 

n-Octane 

164 

7.55 

0.475 

43 

2.1 

2.34 

Benzene 

89 

9.15 

0.40 

80 

3-9 

3.95 

Toluene 

107 

8.9 

0.55 

66 

4.1 

4.10 

m-Xylene 

123 

8.8 

0.34 

58 

3.8 

4.15 

Mesitylene 

140 

8.8 

0.35 

51 

3.4 

3.25 

Llmonene 

162 

8.5 

0.30 

44 

3.5 

4.00 

Methylcyclohexano 

128 

7.8 

0.36 

55 

3.5 

2.60 

Ketones 

Acetone 

7^+ 

9.9 

0.60 

96 

1.8 

0.03 

Methyl ethyl ketone 90 

9.5 

o,kk 

79 

3.5 

0.71 

Diethyl ketone 

106 

8.8 

0.34 

67 

4.1 

1.6 

D1isopropyl ketone 

142 

7.6 

o.kk 

50 

2.6 

1.9 

Cyclohexanone 

104 

9-9 

0.72 

68 

1.0 

(2.6) 

Alcohols 

n-Propyl alcohol 

75 

11.9 

1.9 

9^;) 

0.09 

0.02 

tert-Butyl alcohol 

95 

10.6 

1.0 

75 

0.45 

0.13 

Amyl alcohol 

108 

10.9 

1.5 

66 

0.16 

0.07 

n-Hexyl alcohol 


10.7 

1.4‘7 

57 

0.17 

0.13 

r-Hoptyl alcohol 

lUl 

10.6 

1.5 

50 

0.16 

0.65 

n- Octyl alcohol 

157 

10.3 

1.0 

45 

0.40 

0.85 

Nitriles 

Acetonltri 1 e 

53 

11.9 

1.4 

154 

0.19 

0.04 

Propionitrile 

71 

10.6 

0.9 

100 

0.38 

0.06 

Capronitrile 

120 

9.4 

0.52 

59 

2 .i 

0.70 

Benznnitrile 

105 

8.55 

0.50 

69 

4.6 

2.0 

Nitro Compoiinds 

Nitroraethane 

54 

12.7 

2.0 

131 

0.08 

0.03 

Nitrobenzene 

103 

9.95 

0.74 

69 

0.94 

1.15 



Acid 

Chlorides 



Acetyl chloride 

71 




3.2 

(<5.1) 


The agreement Is excellent in the case of the hydrocarbons and 
good in the case of the alcohols—especially considering the uncertainty 
as to the heats of vaporization of the higher alcohols. 

In the case of ketones and nitriles, all highly polar solvents, the 
Qcaic. is invariably higher than Qobs. as would be expected from the 
theory of the heat of mixing. 

Until one finds a way to treat polar solvents, calculation of 
by equation 9 gives only a lower limiting value—and hence such 
calculations of Q for polar solvents yield only upper limits to the 
swelling. 

It is of interest to note, however, that both Qobs. and Qpalc. 
in the same relative order in the two homologous series, indicating 
that the underlying principles are probably sound. 
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E. RELATION OF VcTO THE SULFUR CONTENT OF 
VULCANIZATES 

An Interesting comparison of the amount of cross-linking with 
the sulfur content of vulcanizates is provided by the data of Zhukov 
and Simkhovich (19) on the Russian SK (sodium polymerized poly¬ 
butadiene) in toluene. We have taken their data^ on the swelling of 
polymers of different sulfur contents and calculated values of Vq as 
shown in Table vm. 


TfflLE VIII. Swelling of Russian SE as a Function of Sulfur 
Content. 


Sulfur added 
vt. ^ 

’ Q 

i 


v= -i 

V 

C 

2 

5.0 

0.167 

8000 

1.2 X lO"-* 

k 

5-5 

0.222 

4600 

2.2 

6 

2.5 

0.286 

2700 

5.7 

12 

1.65 

0.378 

1450 

7.0 

2 k 

0 

1.0 

(0) 

- 


We have assumed a value of /i= 0.3, since the heat of mixing 
must be virtually negligible.^ 

In the last column, v represents the reciprocal of the average 
molecular volume between cross linkages, that is the moles of chains 
per cubic centimeter. If v is therefore a measure of the number of 
cross links, it should be proportional to the amovmt of sulfur added. 
Figure 5 shows that this relation is approximately true; v varies 
almost linearly with the sulfur content. The failure of the 24% sulfur 
polymer to show any swelling (and hence its departure from the linear 
relation) may be attributed to the fact that with the very tightly cross- 
linked structure, the molecular volume between cross-linkages is 
small (ca. 700). The chains are short, and the resultant ’’holes” in the 
network may be too small to accomodate the molecules of solvent. In 
such a case, swelling, while thermodynamically possible, is mech¬ 
anically Impossible. 

From the data of Table Vin, one may calculate that there are 
approximately 3x10'^ moles of cross-links ( v / 2) per gram of sulfur 
or 0.1 cross-links per atom of sulfur.® 

‘Their data are expressed in the form of graphs, so the values given 
in Table VIII are only approximate. 

*For emulsion polymerized polybutadiene, we have found 8j. = 8.45 
(Table H). It cannot be emphasized too strongly, however, that the 
Russian SKproduced by sodium polycondensation is radically different 
in almost every particular. A value of 8r = 8.6-8.7 would seem to 
fit solubility data and is in agreement with the large amount of 1,2 
addition attributed to it. For such an , fin is virtually zero and 
fi a Ats'^0.3. 

®We have calculated the above data for fi= 0.25 and 0.35, and the 
linear relation is preserved, although the slope of the line is shifted, 
^ecifically, for /t= 0.25, we obtain a value of 0.12 cross links per 
atom of sulfur; for/a = 0.30, 0.10; and for fi = 0.35, 0.08. 
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Evidently, in this polymer, at least, one cross>link is formed 
by every eight to twelve sulfur atoms, on the average. Since 
crystalline sulfur is Sg and liquid sulfur largely so, one might assume 
that one cross-link is formed for every sulfur molecule added.^ A 
value of 0.125 cross-links per atom of sulfur would be within the limit 
of error of the experiments, but more data, especially on other 
vulcanized polymers would be required before attempting any def¬ 
inite conclusions. 

Very recently, Pasternak and Kuhn have studied the variation 
of Vp withdegreeof vulcanization by measuring the swelling of rubber 
in four different solvents (20). 



SULFUR ADDED, % 

Fig. 5. Cross-linking as a function 
of sulfur content. 
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Synopsis 

The equilibrium swelling of the gum stocks of twelve different 
rubber vulcanizates has been measured in thirteen organic solvents. 
The results are in good agreement with the theory of Flory and Rehner. 
Values of the internal pressure (cohesive energy density) and the 
average molal volume between cross-linkages have been determined 
for the rubbers. The molal volume Vc is shown to agree closely with 
that obtained from measurement of the elastic modulus. An analysis 
of earlier data on the swelling of polybutadiene shows the number of 
cross-linkages to be directly proportional to the sulfur content. 

Resume 

L'equilibre de gonflement d'echantillons de douze diff^rents 
caoutchoucs vulcanises a fte mesure en presence de treize solvants 
organiques. Les resultats sont en bon accord avec la theorie de 
Flory et de Rehner. Les valeurs des pressions internes (densite 
d'energiejle cohesion) etle volume molaire moyen entre ies pontages 
Vc ont ete determin^es pour ces caoutchoucs. Le volume molaire 
Vc Concorde sensiblement avec celui determine par des mesures 
du module d'e^lasticite. L'analysededonneesanterieures, concernant 
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le gonflementdupolybutadifene.indiqueunnombre de pontages, direc- 
tement proportlonnel a la teneur en soufre. 


Zusammenfassung 

Die Gleichgewichtsquellung der Gutnmlharze von zwoelf ver- 
schiedenenGummivulkanisatenwurdeindreizehn organischen Loese- 
mitteln gemessen. Die Ergebnisse stimmen gut mit Flory und 
Rehner'sTheorieueberein. Wertedes inneren Druckes (Cohaesions- 
kraftdichte) und des durchschnittlichen molalen Umfangs zwischen 
Vernetzungspunkten Vp wurden fuer die Gummiproben bestimmt. Der 
molale Umfang Vc stimmt mit dem durch Messungen des Elastizitaets- 
moduls erhaltenen gut ueberein. Eine Analyse frueherer Daten ueber 
dasQuellenvonPolybutadienzeigt,dassdieZahl der Querverbindung- 
en dem Schwefelgehalt proportional ist. 
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Photochemistry of Proteins. VI. 
pH Dependence of Quantum Yield and Ultraviolet 
Absorption Spectrum of Chymotrypsin’^ 

PAUL FINKELSTEIN® and A. DOUGLAS McLAREN,* 
Institute of Polymer Research, Polytechnic Institute of Brooklyn, 
Brooklyn^ JSew York 


For pepsin a marked pH dependence of the quantum yield has 
been found at constant wave length (1). Similar behavior has now 
been found for chymotrypsin, trypsin (2) and trypsin inhibitor (2). 
The results on trypsin and soybean trypsin inhibitor will be presented 
elsewhere. Results for chymotrypsin are reported here along with 
an investigation of the effect on the Quantum yield of varying various 
other parameters including light intensity, concentration of the 
irradiated solution, speed of stirring and the effect of the presence 
or absence of oxygen in both alkaline and acid buffers. 

A study was also made of the effect of pH changes on the ultra¬ 
violet absorption spectrum of the native enzyme and of the partially 
denatured enzyme inactivated both in the presence and absence of 
oxygen. An amino acid mixture with a composition corresponding 
to that of chymotrypsin was also examined in acid and ^kaline 
solutions. 


EXPERIMENTAL 

Details of irradiation techniques are described elsewhere (1). 

Pre p aration of chymotr y psin. A sample of Plaut^ chymotry- 
psinogen was recrystallized times and converted to chymotrypsin 
according to the directions of Kunitz and Northrop (3). After one 
recrystallizationthe product was driedfor three days in a refrigerator 
at S'". The average chymotrypsin content of the preparation was 35.5%: 
the remainder was magnesium sulfate and water. 

Activity Determinations. The concentrations of stock native 
enzyme solutions were determined by optical density by the method 
of Kunitz (4) (p. 309). For following loss in enzyme activity with 
irradiation, the calibration curve reported in a previous paper in this 

^This study will comprise part of the Doctoral thesis to be submitted 
by P. Finkelstein to the Graduate School of the Polytechnic Institute 
of Brooklyn. 

^Fellow of the Monsanto Chemical Company, 1948-49. 

^Presented at the Gordon Research Conferences, A.A.A.S., on 
Polymers, July 12-16, 1948. 

^Plaut Research Laboratory, Lehnand Fink Products Corp., Bloom¬ 
field, N. J. 
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series was used (5) with casein as a substrate (4). The casein used 
for both investigations was from the same bottle. 

Irradiation as a Function of pH. Details of the equipment for 
the irradiation by monochromatic ultraviolet light of X2537 A. are 
given in references 1 and 5. The irradiations at various pH's were 
carried out in M/15 phosphate buffers. These buffers were made up 
by mixing appropriate quantities of M/15 disodium hydrogen phosphate, 
M/15 potassium dihydrogen phosphate, and M/15 phosphoric acid. 
ForpHlOalittleO.lN sodium hydroxide was added to M/15 disodium 
hydrogen phosphate to adjust to the desired pH. The pH's were all 
checked with a Beckman pH meter. 

The enzyme employed in determining the quantum yields was 
our preparation except where indicated at pH 8.89, where a salt-free 
sample was used\ The quantum yield for the two samples checked 
closely. The same salt-free sample was used to examine the 
absorption spectra because with this sample no trouble was en¬ 
countered with a magnesium precipitate in the alkaline range. Since 
the magnesium sulfate containing sample was used to get the 
quantum yield at pH 8.60 and 10.02 a precipitate had to be centrifuged 
off before irradiation. At pH 10.02 some alkali denaturation was 
observed (10 to 17%), but in all cases a parallel unirradiated sample 
was used for the standard activity. At lower pH's no alkali de¬ 
naturation was observed. At pH 7.50 a loos in activity of 6.5 to 10% 
was observed. This was ascribed to autolysis of the enzyme as 
described by Jacobsen (6) and Kunitz (7) in this pH range. 

Quantum Yield as a Function of Intensit y. To reduce the light 
intensity the distance between the ultraviolet light source and the 
irradiation cell was simply increased. The intensity was reduced 
sixfoldfrom 1.64 x 10"® to 2.75 x 10"® einstein per cubic centimeter 
per hours (the einstein equals Nh v where N is Avogadro's number, 
h is Planck's constant and v the frequency at 2537 A.). For data see 
Table I. 

Quantum Yield as a Function of Concentration. The initial 
enzyme concentration in the irradiation cell was varied from 
2.04 X 10"® to 8.16 X 10"® moles/ml. in separate experiments and the 
fraction of the light absorbed from 85% to 45% without change in 
quantum yield. Except where indicated, however, the per cent light 
absorbedwasbetween75 and 85%. The data is in Table I. The speed 
of stirringinseparateexperimentswasvariedfroml35 to 1000 r.p.m. 
with no change in quantum yield. 

Quantum Yields With and Without Oxygen. Irradiation in the 
presence or absence of oxygen was carried out in a special quartz 
cell into which oxygen or nitrogen was continuously bubbled for one 
hour prior to the irradiation, and all during the irradiation. The gas 
stream was used to produce the agitation. Serious surface denaturation, 
due to foaming of the protein caused by the gas bubbles, was en- 

‘Worthington Biochemical Laboratory, Freehold, N. J., salt-free 
sample containing 86.0% protein and 14% moisture. 
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countered and erratic results were obtained until a little n-octyl 
alcohol (about 0.01 ml.) was added to displace the protein from the 
surf ace layer. This completely prevented the foaming and the surface 
denaturation. Prior to passing the nitrogen gas into the solution the 
last traces of oj^gen were removed by means of a gas absorption 
train containing Fieser's solution (8). 


Table I. Quantum Yields as a Function of pH 


pH 

4>x 10^ 

pH 

4>x 10^ 

1.72 

8.47" 

5.43 

2.38" 

5.00 

^•77 

6.01 

2-97 

5.00 

5.06“’* 

7-50 

4.90*" 

5.00 

4.80"'** 

8.60 

7.57" 

4.52 

2.97 

8.89 

7.32'^ 

4,65 

3.18 

10.02 

7.29" 


“Average of two determinations. 

^Average of three determinations. 

^Salt-free enzyme. 

Light intensity reduced sixfold. 

®Per cent light absorbed reduced to and^ 
initial concentration reduced to 8.I6 x 10 ^ 
moles/ml. 


RESULTS 

The method employed in calculating the quantum yield in a 
previouspaper (5) was simplified as follows (1). It has been previously 
shown that the light-induced denaturation of chymotrypsin is kin- 
etically first order to beyond 80% inactivation (5). Thus: 

E = EpP I ^ (1) 

where E is the concentration in moles per cubic centimeter of active 
enzyme at any time and Eq the concentration at t = 0. 

The quantum yield is defined as: 

• number of moles Inactivated 

--- /ox 

number of einsteins absorbed 

Number of moles inactivated = Eq - E = Eq( 1 - e ^ ^ ) (3) 

“kcd 

Number of einsteins absorbed = iQt - It = ® ^ 

by the Beer-Lambert Law, where Iq = incident light intensity; I = trans¬ 
mitted light intensity, and c = concentration of total protein. 

If it is assumedthat reactants and products absorb alike, then the 
einsteins absorbed by active protein on the average is given by: 

r. -kcd * 

Einsteins absorbed = Iot(l - e ) E/Eq 


(5) 
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where 1 = average concentration of enzyme inthe time interval, t, of 
the irradiation, i.e., 


E 




( 6 ) 


Substituting these values into the definition for ^we get: 

__ ( 7 ) 

1 ^1(1 - e ) einstelns absorbed durlne exposure per cc. 

This calculation, of course,^gives results identical with those calcu¬ 
lated by the original formula. This method, however, has the 
advantage of simplicity and automatically corrects for the fraction 
of the light absorbed by the active remaining enzyme at any 
Instant. It was observed that the per cent of light absorbed during 
irradiations increased, hence quantum yields were calculated from 
lowpercentagesof Inactivation (about 10%) wherein the approximation 
of equation (5) is permissable. Quantum yields were found to be 
reproducible to within 6% of the average. A plot of log E/Eq vs. time 
of irradiation was always a straight line as far as studied, namely 65% 
to 85%. The quantum yields at various pH's are tabulated in Table I 
and are plotted in Figure 1. 

From Figure 1 it is seen that the quantum yield is a minimum 
at the isoelectric point, pH 5.4 (9), and increases as an increasing net 
positive or negative charge resides in the molecule.^ 



Fig. 1. Quantum yield versus pH for chymotrypsln. 

Figure 2 shows the change of the absorption spectrum after 
irradiation at pH 3.00 in the presence of nitrogen and oxygen 
as compared with the unirradiated protein spectrum. The remaining 
activity toward casein was 77.0% and 73.5%, respectively, for the 
irradiated samples and the quantum yield was the same. This shows 
that the spectrum after irradiation under nitrogen parallels the shape 
of the unirradiated sample, but is displaced upward, whereas the 
sample irradiated in oxygen has a spectrum that dips below the 

^In a more recent paper, however, Anderson and Alberty,J. Phys. 
and Colloid Chem., 52,1345 (1948) have reported a widely different 
isoelectric point (pH. 8.1 to 8.6 depending on the ionic strength of 
the medium). 
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unlrradiated one slightly in the region of the absorption maximum. 
This trend is more clearly shown (Fig. 2) where inactivation was 
carried much further to a calculated remaining activity of 0.3%.‘ 



Fig. 2. Extinction versus wave length of irradiated 
chymotrypsln solutions, pH 3. 1, control* unirradiated; 

2, irradiated under oxygen, 12 . 5 % remaining activity; 

3, irradiated under nitrogen, 11 . 0 % remaining activ¬ 
ity; 4, irradiated under oxygen, about 0.3'^^ remaining 
activity; 5, irradiated under nitrogen, about 0.3% 
remaining activity. 

A sample of the material Irradiated under nitrogen to 77.0% 
remaining activity was brought to pH 10.5 to observe any change that 
might take place in the shape of the spectrum due to ionization of any 
previously bound groups such as tyrosyl hydroxyl, which could have 
been liberated during the irradiation (see below). No such changes 
were observed, i.e., the absorption spectrum was more like that in 
Figure 4 than the corresponding curve in Figure 5. 

Similar experiments were carried out at pH 8.6 so as to leave 
77.0% remaining activity under both oxygen and nitrogen in one case 
and a calculated remaining activity of 0.^ for another. The spectra 
for these samples are all shown in Figure 3. Here again it is seen 
that the shape of the curves for the samples having ll.Cfh remaining 
activity is hardly changed at all. Much further inactivation under 
nitrogen again leads to a curve parallel to the unirradiated curve but 
displaced upward. The prolonged irradiation in oxygen leads to a 
marked decrease in the region of the absorption maximum. The 
enzyme solutions irradiated at pH 8.60 under nitrogen and oxygen to 
about 0.3% remaining activity were brought to pH 12.78 and the 
spectra determined. Here also no definite evidence for the liberation 
of ionizing tyrosyl hydroxyl groups was found (see below). The 
quantum yield was identical under both oxygen and nitrogen. 

^ All spectra plotted in terms of molecular extinction coefficients: 

100 

lop- = optical density ecd 

% Transmission 

where e = the molecular extinction coefficient; C = concentration in 
moles/per liter; and d = depth of absorption cell, 1 cm. In the case 
of the amino acids mixture a molecular weight the same as that of 
chymotrypsin (41,000) was assumed. 
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Fig. 3. Extinction versus wave length of irradiated chymotrypsin 
solutions, pH 8.6. 1, control: unirradiated; 2, irradiated under 

nitrogen, 11 % remaining activity; 3, irradiated under oxygen, 11 % 
remaining activity; 4, irradiated under nitrogen, about 0.3% act¬ 
ivity remaining; 5 , irradiated under oxygen, about 0.3% activity 
remaining. 


DISCUSSION 

It has been shown that in the native form of some proteins 
tyrosine hydroxyl groups are bound. This is true in egg albumin (10), 
inbovine serum albumin (11) and in soybean trypsin inhibitor (12) but 
not in insulin (10). At high alkali concentrations, e.g., pH 12, a 
protein exhibiting this characteristic is denatured and the specific 
ultraviolet absorption band of unbound tyrosine appears. Lowering 
of the pH to, for example, 10, does not result in the reappearance of 
the spectrum of the native protein, proving that this extreme alkali 
denaturation is not reversible. 

A comparison of the spectra of an amino acid mixture. Figures, 
which contains acids in the same proportions as found in the enzyme,*' 
with that of the native chymotrypsin. Figure 4, shows a very marked 
similarity in shape in the acid region, with the position of minima 
and maxima shifted somewhat toward longer wave lengths for the 
enzyme. Increasing the pH has a markedly different effect on the 
spectrum of the amino acids as compared with the spectrum of the 
enzyme. In the case of the amino acid mixture the molecular extinction 
coefficient in the region around 2400 A. increases only slightly from 
pH 3.00 to 9.50, At pH 10.6, however, a plateau appears and this 
increases somewhat as the pH is raised to 14,0. Also, the slight 
shoulder at about 2875 A. becomes more pronounced as the pH is 
raised from pH 9.5 to 10.6, but not at lower pH’s. This change in 
absorption is attributed to the ionization of the phenolic groups of 
tyrosine (10,11). The absorption spectrum of tyrosine itself shows a 
sharp peak at about 2400 A. in the alkaline range. Also observed is 
a shift of the maximum from about 2740 A. to about 2940 A. and to 
higher molecular extinction coefficients. 

Sizer and Peacock have also reported the absorption spectrum 
of an amino acid mixture corresponding to bovine serum albumin and 
found a peak around 2400 A. similar to that found for tyrosine alone. 

^The amino acid composition is given in reference 9, p. 26, 
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In the amino acid mixture corresponding to chymotrypsin, however, 
we find only aplateau appearing in this region of the spectrum. This 
is attributed to the fact that chymotrypsin has about twice as much 
phenylalanine, about ten times as much tryptophane and only about 
half as much tyrosine (13) as bovine seriun albumin on a weight basis. 
Since these three amino acids are responsible for most of the 
absorption in this region of the ultraviolet any change due to the tyrosine 
wouldbe relatively more difficult to pick up. Further, the molecular 
extinction coefficient of tryptophane is considerably higher than that 
of tyrosine thus obscuring changes due to tyrosine still more. 



Fig. 4. Absorption spectrum ofchy- Fig. 5. Absorption spectrum of 
motrypsin at various pH (indicated amino acid mixture at various pH 
by figures on curves). (indicated by figures on curves). 


Examining the shift in the absorption spectrum of the native 
enzyme, Figure 4, with pH we observe a shift of the minimum toward 
longer wave lengths and an increase in the molecular extinction 
coefficient. But only at pH 13.0 is there even a slight sgggestion of 
aplateau at 2440 A. A slight increase in the shoulder around 2900 A. 
is also observed at pH 13.0. Thus, it is concluded that in the native 
chymotrypsin the tyrosine is not free to ionize until a pH of 13 is 
reached. In this very alkaline solution, however, the absorption was 
foimd to be changing significantly as the spectrum was being taken 
due to the finite rate of denaturation-inactivation. Thus, two separate 
curves were taken at this alkaline pH on different solutions beginning 
at opposite ends of the spectrum to try to minimize the effect of 
alkali denaturation which was occurring quite rapidly. 

An examination of the spectra of the irradiated enzyme indicates 
that for inactivation of about 25% the shapes of the curves are hardly 
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altered at all. This obtains whether the irradiation takes place in 
nitrogen or in oxygen, in acid or in alkaline buffer. Furthermore, the 
quantum yield is unchanged under nitrogen or oxygen thereby indicating 
that the primary photochemical process leading to the loss of enzymatic 
activity is not a photooxidation. 

When the irradiated solutions are brought to alkaline pH's, 10.5 
and 12.78, no plateau appears around 2400 A. as is observed in the 
amino acid mixture. Therefore, it is concluded that during the 
inactivation large amounts of tyrosine have not become free to ionize. 
It is evident, however, that small amounts of phenolic ionization of 
tyrosine would be difficult to detect in this manner due to the relatively 
small amounts of tyrosfne in the native protein. 

Carrying the inactivation much further, down to less than 1% 
remaining activity, produced decided differences in the shape of the 
absorption spectra of solutions irradiated under nitrogen on the one 
hand and oxygen on the other. The irradiation under nitrogen simply 
shifted the entire curve to higher extinction coefficients without 
altering its shape. But under oxygen there appeared a much flatter 
peak in the region of the absorption maximum around 2800 A. Thus 
it seems that although the primary photochemical process leading to 
loss of enzymatic activity is not photooxidative, secondary processes 
may be, depending on the atmosphere during irradiation (14). It is 
interestingthat Becker and Szendro (15) have reported changes in the 
absorption spectrum of egg albumin after irradiation under nitrogen 
and oxygen; the absorption around the maximum at 2800 A. disappearing 
in oxygenbut not in nitrogen. They also reported a general absorption 
increase throughout the spectrum after irradiation as we have observed 
in all cases. It has been shown that the characteristic absorption band 
common to most proteins and having its maximum around 2800 A. is 
predominantly due to those amino acids containing aromatic rings 
(16,17). It is suggested therefore that the decreased absorption on 
prolonged irradiation under oxygen is due to the cleavage of these 
rings. Arnow (18) has proposed a similar cleavage to account for 
decreased absorption ^ter irradiation of egg albumin with alpha 
particles. 

The lack of appreciable ionization of tyrosyl hydroxyl below 
pH 10-11 led us to look for an increase in quantum yield as the pH 
is increased from pH 7 to pH 1C. It seemed possible that near pH 10 
the molecule would be under a strain from electrostatic repulsion of 
ionized groups (19) and absorbed energy from irradiation would be 
more efficient in inducing denaturation-inactivation. It is true that the 
quantum yields are higher as the pH is raised; however, the quantum 
yield also increases as the pH is lowered from about pH 5.4. Our 
over-all explanation thus does not need to emphasize the role of 
tyrosine since the binding of tyrosine could hardly be significant for 
the rise in quantum yield at low pH’s. The explanation offered here 
is similar to that offered for a similar phenomenon with pepsin (1), 
with the difference that, unlike pepsin, chymotrypsin has a more 
nearly equal number of acidic and basic residues per molecule. At 
the isoelectric point the net charge on the molecule is zero. On either 
side of the isoelectric point a net charge is extant. Let us as¬ 
sume that the peptide chain(s) of the chymotrypsin molecule are 
folded into a unique configuration which is stabilized by salt and 
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hydrogen bonds (20). We may postulate that on absorption of an active 
quantum a split occurs at one of the weaker linkages (21), e.g., 
-SS- or -CONH-. The free ends of linkage can react with the solvent, 
leading to denaturation (22), or recombine. The probability for re¬ 
combination is high because of what we choose to call an internal 
Franck-Rabinowitch effect (23,24). This effect is, we predict, that a 
high probability for recombination of radicals exists because the chains 
are held in a network within the molecule (20). On either side of the 
isoelectric point a net repulsion will exist within the molecule and this 
will result in a decreased tendency for recombination of the free ends 
of the linkage; the net result is an increase in quantum yield on either 
side of the isoelectric point. (See, however, footnote on page 576). 
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Synopsis 

The quantum yield of Inactivation of chymotrypsin was found to 
be independent of variations in conditions of irradiation including light 
intensity, concentration of the irradiated solution, rate of stirring and 
thepresenceor absence of oxygen. The quantum yield for inactivation 
is at a minimum at the isoelectric point (pH 5.4). An eiqolanation is 
offered for the variation of the quantum yield with pH in terms of an 
internal Franck-Rabinowitch mechanism. The absorption spectra of 
the enzyme was also studied as a function of pH, as was that of an 
amino acid mixture whose composition corresponded to that of 
chymotrypsin. Evidence is presented for the existence of bound, 
im-ionizing tyrosine in the native enzyme and of unbound tyrosine in 
alkali-denatured enzyme. The significance of changes in the absorp¬ 
tion spectra accotiq)anying irradiation is discussed. 


Resume 

Le rendement quantique de 1'inactivation de lachymotrypsine est 
independant des variations des conditions d’irradiations, telles 
I'intensite lumineuse, la concentration des solutions irradiees, la 
Vitesse d'agitation de la solution et laprisenceou I'absence d'oxygene. 
Le rendement quantique pour 1'inactivation atteint im minimum au 
point isoelectrique (pH 5.4). Une e^qplication pour les variations du 
pH est suggerSe dans le sens d'un micanisme interne Franck- 
Rabinowitch. Le spectre d'absorption de I'enzyme, ainsi que du 
melange d'acides amines, qui correspond ^ la composition de la 
chymotrypsine, a et^ egalement suivi en fonction du pH. Durant la 
denaturation en milieu alcalin, I'existence de tyrosine non-ionisee et 
li6e a 6te mise en evidence. Les auteurs ont Egalement essaye 
d'interpr^er les modifications du spectre d'absorption au cours de 
1'irradiation. 


Zusammenfassung 

Die Quantumausbeute der Inaktivierung von Chymotrypsin ist 
unabhaengig von den Bedingimgen der Bestrahlimg, wie zum Beispiel 
Lichtstaerke, Konzentration der bestrahlten Loesung, Ruehrungs- 
geschwindigkeitund Gegenwert Oder Abwesenheit von Sauerstoff. Die 
Quantenausbeute der Inaktivierung ist am Niedrigsten am isoelektri- 
schen Punkte (pH;5.4).Eine Erklaerung der Veraenderung der Quan¬ 
tumausbeute mit pH wird vorgeschlagen im Sinne eines inneren 
Frank-Rabinowitsch'schen Mechanismus. Die Absorptions-Spektren 
des Enzymes sowie einer Mischung von Aminosaeuren deren Zusam- 
mensetzungderjenigenvon Chymotrypsin entsprach, wurden auch als 
eine Funktion des pH studiert. Evidenz fuer das Vorkommenvon 
gebundenemunlonisiertenTyrosin imRohenzymund in durch Alkalien 
denaturlerten Enzymen wird geboten. Die Bedeutung der Veraende- 
rungen in den Absorptionsspektren waehrend der Bestrahlung wird 
eroertert. 
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Emulsion Polymerization of 2-Alkyl-l,3-butadiene8^ 


C. S. MARVEL, JACK L. R. WILUAMS,* and 
HENRY E. BAUMGARTEN, Noyes Chemical Laboratory, 
University of Illinois^ Urbana^ Illinois 


Since three new 2-alkyl-1,3-butadienes have become available (1), it 
has been of interest to study their polymerization and their copolymer¬ 
ization with styrene and with butadiene in an emulsion system similar 
to the GR-S system (2). 

It has been found that the 2-alkylbutadienes prepared from the 
corresponding 2-alkyl-3-acetoxy-l-butenes (lb) polymerize some¬ 
what more slowly than does pure isoprene in the GR-S system. In 
twenty-four hours the respective conversions for the ethyl, isopropyl, 
and n-amyl derivatives are 87.5%, 72.5%, and 67.0%. The intrinsic 
viscosities of the polymers are lower than for polyisoprene prepared 
in the same system, which shows that they need less modifier to give 
soluble polymers. 

The polymers of the 2-alkylbutadienes show the expected amount 
of unsaturation by iodine chloride titration, and the ratios of 1,2 to 1,4 
units in the polymers are 15 to 85 (^2), whichisa very close check 
with the ratio reported for isoprene (3).3 

In addition to the 2-alkylbutadiene monomer synthesized in this 
Laboratory, polymerization of a sample of 2-ethyl-1,3-butadiene 
preparedby the Carbide and Carbon Chemicals Corporation^ has been 
carriedout. This material polymerized more slowly than the ?-ethyl- 
1,3-butadiene synthesized in this Laboratory, requiring ninety-six 
hours to reach 70-75% conversion. The slowness of polymerization 
may have been due to traces of inhibiting materials not removed by 
the particular purification procedure employed in this Laboratory 
before polymerization. Our synthetic material differed considerably 
in refractive index from the Carbide and Carbon Chemicals Corp¬ 
oration sample. 

Using data in Table I an approximate a -value (4) for each of 
the new dienes with respect to styrene at 75-80% conversion has been 
calculated. The value for similar styrene-butadiene polymerization 
is 0.61 (5). 2-Ethylbutadiene has an a-value of 1.1, 2-isopropylbuta- 

^The work described in this manuscript was done under the sponsorship 
of the Office of Rubber Reserve, Reconstruction Finance Corporation, 
in connection with the Government Synthetic Rubber Program. 
^Present address: The University of Wisconsin, Madison, Wisconsin. 
®We are indebted to Dr s. I. M. Kolthoff andT. S. Lee for these analytical 
figures and for permission to use them in this communication. 

^The authors are indebted to Mr. L. C. Shriver for the gift of this sam¬ 
ple of ?-ethyl-l,S-butadiene. 
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TABIB 1. PoXymerlzation of 2-Alkylbutadienes 


Run Monaraer(s) 

Modifier, 
g./lOO g. 
monomer 

Time, 

hr. 

Conver¬ 

sion, 

* 

Static 

solu¬ 

bility, 

Intrin¬ 

sic 

viscos¬ 

ity 

1 Butadiene 

0.50 

15 

77.5 

100 

2.38 

2 H 

0.75 

19 

82 

100 

1.68 

3 

1.00 

19 

87 

100 

1.20 

4 Isoprene 

0.10 

17 

71 

Gel 

- 

5 

0.10 

17 

70 

Gel 

- 

6 

0.30 

17 

73.5 

100 

1.00 

7 

0.30 

17 

73.5 

100 

1.15 

8 Isoprene (75)^ 

styrene (25; 

0.15 

15 

71.5 

100 

0.44 

9 2-Efthyl-l,3-buta- 

diene 

0.10 

25 

87.5 

100 

1.16 

10 

0.10 

25 

91 

100 

0.73 

11 

0.20 

24 

85 

100 

0.89 

12 

0.20 

2 k 

82 

100 

0.87 

13 2-]Sthyl-l,3-buta- 

diene 

0.10 

2 k 

43 

100 

0.73 

lit 

0.10 

2 k 

38 

100 

0.71 

15 

0.10 

72 

70 

100 

1.57 

16 

0.10 

72 

73 

100 

1.32 

17 ” 

0.10 

96 

80 

100 

1.56 

18 

0.10 

96 

75 

100 

1.59 

19 " 

0.10 

96 

70 

100 

1.91 

20 

0.10 

97 

77 

97 

1.90 

21 2-Bthyl-l,3-’buta- 
diene*(5)^ buta- 

diene (95) 

0.75 

19 

75 

100 

1.72 

22 " 

0.75 

19 

75 

100 

1.16 

23 

0.75 

19 

75 

98 

1.45 

2 k " 

1.00 

19 

75 

100 

0.86 

25 

1.00 

19 

74 

100 

1.04 

26 2-Bthyl-l,3-buta¬ 
diene (75), 

styrene (25) 

0.20 

20 

85 

100 

1.50 

27 

0.20 

20 

85 

100 

1.42 

28 " 

0.30 

20 

85 

100 

1.24 

29 

0.30 

20 

90 

100 

l.o4 

30 2-Isopropyl-l,3- 

■butadiene 

O.Ol** 

24 

67.3 

100 

1.27 

51 

0.01»* 

24 

65 

100 

1.67 

32 " 

0.10 

26 

75 

100 

1.67 

35 

0.10 

26 

70 

100 

1.7^ 

34 " 

0.10 

26 

70 

100 

1.42 

35 2-Isopropyl-1^5- 

butadiene (5), 

butadiene (95) 

0.50 

19 

73 

99 

2.00 

36 

0.50 

19 

72 

100 

1.80 

57 

0.75 

19 

70 

99 

1.05 

38 

0.75 

19 

72 

98 

1.21 
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TABDE I (continued) 


Bim 

Monomer (s) 

Modifier, 
g./lOO g. 
monomer 

Time, 

hr. 

Conver¬ 

sion, 

Static 

solu¬ 

bility. 

Intrin¬ 

sic 

viscos¬ 

ity 

59 2 -Isopropyl-l, 3 ^ 







butadiene (75)^ 







styrene (25) 

0.01** 

24 

92.5 

100 

1.78 

ko 

11 

0 . 01 ** 

24 

92.5 

100 

1.85 

41 

It 

0.20 

20 

85 

100 

1.79 

42 

It 

0.20 

20 

87-5 

100 

1.82 

k 3 

ft 

0.30 

20 

87.5 

100 

1.61 


ti 

0.30 

20 

90 

100 

1.57 

45 2 

-n-Amyl- 1 , 3 “buta 

- 






diene 

0.05 

24 

50 

98 

1.76 

46 

It 

0.05 

40 

64 

98 

1.58 

47 

tt 

0.05 

48 

80 

95 

2.33 

48 

It 

0.10 

24 

67 

100 

0.88 

49 

tt 

0.10 

24 

67 

100 

0.76 

50 

It 

0.10 

24 

50 

97 

1.24 

51 

tt 

0.10 

40 

64 

98 

1.41 

52 

tt 

0.10 

48 

80 

97 

1.79 

53 

It 

0.10 

48 

81 

100 

1.69 

54 

tt 

0.20 

24 

53 

95 

0.79 

55 2 

-n-Amyl- 1 , 3 "Buta 

- 






diene ( 5 ); buta 

- 






diene ( 95 ) 

0.50 

19 

71 

100 

2.19 

56 

tt 

0.50 

19 

71 

100 

1.95 

57 

tt 

0.75 

19 

74 

100 

1.28 

58 

tt 

0.75 

19 

77 

98 

0.69 

59 

It 

0.75 

19 

72 

100 

1.25 

60 

tt 

0.75 

19 

75 

100 

1.24 

61 

It 

1.00 

19 

66 

97 

0.44 

62 

tt 

1.00 

19 

75 

100 

0.41 

65 2 ' 

-r-Amyl- 1 , 3 -buta 

- 






diene ( 10 ), buta- 






diene ( 90 ) 

0.75 

19 

75 

100 

1.47 

64 2 

- n-Amy 1 - 1 , 3 -buta 

- 






diene ( 75 ), 







styrene ( 25 ) 

0.10 

21 

70 

100 

1.25 

65 

tt 

0.10 

21 

76 

100 

0.92 

66 

It 

0,10 

59 

76 

100 

1.45 

67 

tt 

0.20 

39 

74 

100 

1.07 

68 

tt 

0.45 

24 

55 

95 

0.79 

69 

tt 

0.45 

24 

60 

99 

0.81 

*Monomer obtained from the Carbide and Carbon Chemical Corporation. 

The 

authors are indebted to Mr, 

L.C. Shriver for 

the gift of this 

sample of 2 -ethyl-l, 3 "butadiene. 





**Cetyl mercaptan used 

instead of 

O.E.I. e 

IS a modifier. 



diene of 1.8, and 2-n-amylbutadiene of 1.4. These values are not 
based on sufficient data to be regarded as more than tentative, but 
they do indicate that the rate of entry of the substituted diene into 
the styrene copolymer is somewhat slower than that of butadiene in 
the styrene copolymer. 
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EXPERIMENTAL 

Monomers 

With the exception of the sample of 2-ethyl-l,3>butadiene 
obtained as a gift from the Carbide and Carbon Chemicals Corp- 
ation, the monomers, 2-ethyl-, 2-lsopropyl-, and2-n-amyl-l,3-buta- 
diene, were synthesized in this Laboratory according to the procedure 
of Marvel and Williams (lb) via the 2-alkyl-3-acetoxy-l-butenes. 
The physical constants of the monomers were as follows: 2-ethyl-l, 
3-butadiene (Illinois), b.p, eS^C., n*<D, 1.4325; 2-ethyl-l,3-butadlene 
(Carbide and Carbon Chemicals Corporation), b.p. 65.6-66.5‘’C., n*<D, 
1.4255;2-isopropyl-l,3-butadiene,b.p. 85“C. (738 mm.), n**©, 1.4338; 
2-n-amyl-l,3-butadiene, b.p. 140-142°C., 72-74°C. (69 mm.), n**©, 
1.4452. Before polymerization all monomers were purified to remove 
inhibiting substances. A given volume of monomer was washed twice 
with equal volumes of 20% aqueous sodium hydroxide, washed twice 
with water, dried over anhydrous magnesium sulfate, and distilled 
through a 15-cm. Vigreux-type column. The 2-n-amyl derivative was 
dlstilledatapressureof 65mm.,theothers at atmospheric pressure. 

Polymerization 

The emulsion polymerization of the 2-alkyl-l,3-butadienes alone 
and with styrene or with butadiene was carried out using a modified 
form of the GR-S recipe, as follows in parts by weight: 


Monomer( s ) . 100.0 

Soap (Procter and Gamble silica-free flakes). 5-0 

Water. 180.0 

Potassium persulfate. 0.50 

O.E.I. (a mixture of mercaptans supplied by 
United States Bubber Con^iany).Variable 


(see Table l) 

In a few instances cetyl mercaptan was substituted for O E.I. in the 
recipe, as indicated in Table I. 

The polymerizations were carried out in 2- or 4-ounce screw-cap 
bottles whose caps were fitted with rubber disk gaskets lined with 
heavy tin foil. The soap was dissolved in 170 parts of warm water 
and charged into the bottle. After the soap solution had been allowed 
to cool and gel, 10 parts of freshly prepared 3% potassium persulfate 
solution was added, and then the monomer (s), containing the proper 
proportion of modifier (O.E.I. or cetyl mercaptan), was added. The 
amount of modifier used (see Table I) was varied in order to produce 
soluble polymers having intrinsic viscosities greater than 1.0 in the 
range of 75-85% conversion. The bottles were swept out with a 
moderate stream of nitrogen for one minute and then capped. The 
bottles were shaken vigorously to mix the ingredients and then were 
rotated end-over-end for the specified time (see Table I) in a bath 
at 50 * 1 C. In those instances in which butadiene was one of the 
monomers, butadiene of the special purity grade supplied by the 
Phillips Petroleum Company was passed over sodium hydroxide 
pellets and through a 50-cm. Vigreux column and was condensed in a 
Dry Ice-acetone trap. The monomer other than butadiene, containing 
the modifier, was added to the bottle in the usual sequence of operations, 
the bottle and contents were chilled in ice water, slightly more than 
the desired amount of butadiene was poured into the weighed bottle. 
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and the excess was allowed to boil off to remove air before the bottle 
was capped. From this point the polymerization proceeded as before. 

The latexwas mixed with 25 parts of a 3% suspension of phenyl- 
$ -naphthylamine in soap solution and was coagvilated with a saturated 
sodium chloride solution containing 2.3% of concentrated sulfuric acid. 
The polymer was washed carefully with water, shredded, and dried 
eighteen to twenty-four hours in a circulating air oven at 60-70°C. 
The polymers containing styrene and/or 2-n-amyl-l,3-butadiene were 
dried twenty-four hours in a vacuum desiccator at 0.1 mm. in addition 
to the oven drying. In calculating conversion, the residual fatty acid 
and antioxidant were taken into account. It was assumed, perhaps 
without Justification, that the unpolymerized styrene and 2-n-amyl- 
1,3-butadiene would be removed by the dryings used for the polymers 
prepared from those monomers. 

Intrinsic Viscosities and Static Solubilities 

The intrinsic viscosities and static solubilities of the polymers 
and copolymers were determined by the procedure described by 
Frank, Adams, Blegen, Deanin, and Smith (6). The values are given 
in Table I. 


TABLE II. Per Cent Styrene Content of the Copolymers of 2-Alkyl- 


1,3-"butadienes 

with Styrene 


Per Cent Styrene 

Diene 

Iodine monochloride 
method 

Ultraviolet 
absorption method 

2-JMhyl-l, 5-‘butadiene 

22 t 2 

23.3 

2-Isopropyl-1,3~‘butadiene 

- 

27.5 

2 -n- Amyl -1,5 -"but adi ene 

21.4 - 2 

27-6 


Analysis 

For styrene, combustion, and 1,4-addition analyses the polymer 
samples were purified by dissolving 0.2-0.5 g. of polymer in the 
smallest possible amount of dry benzene and then reprecipitating the 
polymer by pouring the benzene solution into four to five times the 
volume of methanol with rapid stirring. After three such precipitations 
the polymer samples were dried twenty-four hours in a vacuum desic¬ 
cator at 0.1 mm. and room temperature. 

Samples of the copolymers of the 2-alkyl-l,3-butadienes with 
styrene were analyzed by ultraviolet spectroscopy* for styrene content. 
The analyses were carried out using chloroform solutions of the 
copolymers. In addition two of the copolymers were examined by 
Professor I. M. Kolthoff* for styrene content using the iodine mono¬ 
chloride technique. The results of the analyses are given in Table n. 
The lack of agreement between the iodine monochloride and ultraviolet 
absorption methods can possibly be explained by the fact that the 

*We are indebted to Mrs. Dorothy D. Brantley for these analyses by 
ultraviolet spectfoscopy. 

*We are indebted to Drs. I, M. Kolthoff andT. S. Lee forthese analytical 
figures and for permission to use them in this communication. 
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iodine monochloride method has been shown to give unreliable results 
with some unsaturated molecules containing ethylenic bonds of the 
type RjR 2 C=CHR 3 where R represents an alkyl group. 

The combustion analyses^ of the polymers and copolymers are 
given in Table m. 


TABIE III. Combustion Analyses of Polymers 



Calculated 

Pound 

Polymer 

Ceirbon 

Hydrogen 

Carbon 

Hydrogen 

Poly- 2 -©thyl-ly 3 -‘butadi 0 ne. 

. 87.75 

12.27 

88.81* 

87.67* 

11.98* 

12.29* 

Poly -2 -isopropyl- 1 , 3 “butadiene. 

. 87.42 

12.58 

87.29 

12.55 

Poly- 2 -n-ainyl-l, 3 “butadiene.... 

. 87.01 

12.99 

86.89 

12.78 

Copolymer of 2 -ethylbutadiene 
( 75 ) and styrene (25). 

. 89.01 

10.99 

88.90 

11.12 

Copolymer of 2 -isopropylbuta- 
diene ( 75 ) and styrene (25).. 

. 88.97 

11 . 0 ^ 

88.38 

11.16 

Copolymer of 2 -n-ainylbutadiene 
( 75 ) and styrene (25). 

. 88.56 

11.44 

87.91 

11.58 

Copolymer of butadiene ( 95 ) 
and 2 -ethyl“ 1 , 3 “buta¬ 
diene ( 5 )... 

. 88.59 

11.41 

88.10 

11.08 

Copolymer of butadiene ( 95 ) 
and 2 -isopropyl-l, 3 “buta- 
diene ( 5 ) . 

. 88.57 

11.45 

88.17 

11.07 

Copolymer of butadiene ( 95 ) 
and 2 -n-ainyl-l, 3 “buta- 
dien© ( 5 ). 

. 88.55 

11.45 

88.41 

11.21 

*The first values given are for polymer prepared from Illinois 
monomer and the second values given are for polymer prepared from 
Carbide and Carbon Chemicals Corporation monomer. 


Samples of the polymers and the copolymers with styrene were 
analyzed by Professor I. M. Kolthoff^ for total unsaturation (iodine 
monochloride method) and 1,4 units (perbenzoic acid titration). The 
results of these analyses are given in Table IV. 

EVALUATION OF POLYMERS 

Samples of typical homopolymers and copolymers with butadiene 
prepared from the 2-alkylbutadienes were sent to the Government 

‘The microanalyses reported in this report were done by the Clark 
Microanalytical Laboratories, Urbana, Illinois. 

^e are indebted to Drs. I. M. Kolthoff and T. S. Lee for these analytical 
figures and for permission to use them in this communication. 
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Laboratories, University of Akron, for evaluation.^ The 2-alkyIbuta- 
diene polymers and their copolymers with butadiene (95 parts buta¬ 
diene, 5 parts 2-alkylbutadiene) were compared with polyisoprene, 
polybutadiene and standard GR-S in the standard stress-strain tests 
and in the Gehman low-temperature test (7). 

The standard GR-S test recipe, as shown below, was used for 


compounding the polymers. 

Ingredients Parts 

Polymer.100. 

EPC carbon black. 40. 

Zinc oxide. 5. 

Sulfur. 2. 

Altax. 1.7!> 


In general 20 g. of raw polymer was used in preparing the compound. 
Cured samples were heated to 292®F. for ninety minutes. In some 
instances 20 g. of polymer from a single polymerization run was not 
available, and in these instances the required 20 g. was obtained by 
mixing two polymers of nearly identical conversions, solubilities, and 
intrinsic viscosities. 

TABLE IV. Per Cent Unsaturation and 1,^4 Addition 


Polymer 

Per Cent 
unsatura- 
t ion 

Per Cent 

.•iddition 

Per Cent 
1,2 and 

3,4 addition 

Poly-2-ethyl-1,5 buta¬ 
diene 

100.3 - 2 

83 ^ 


13 - 2 

Poly-2-isopropyl-l,5“ 

butadiene 

10'^ 

83 - 

2 

15-5 

Poly-2-n-amy1-1,5“buta- 
diene 

99 -'? - 

83 - 

2 

15-2 

Copolymer of 2-ethyl- 
1, 3 -butadiene (75) 
with styrene ( 25 ) 

78.0 - 0 

83 - 

2 

15-2 

Copolymer of 2-isopropyl- 
1, 5 -butadiene (75) 
with styrene (2^) 

81** 

82 - 

5 

16 i 5 

Copolymer of 2-n-aniyl- 
1,3-butadiene (75) 
with styrene ( 25 ) 

79.1* t 2 

85 i 

2 

15-2 


* The value 100 was used in the calculation of per cent 1,4 
addition. 

**The value 79 was used in the calcixlation of per cent 1,4 
addition. 


The stress-strain data (measured at 77°F.) are given in Table V. 
The e 3 q)erimental data from the Gehman low-temperature test are 
expressed graphically in Figures 1,2, and 3, in which the angular 
degrees of twist (measured after ten seconds) are plotted against 
temperature. 

^We are indebted to Mr. J. W. Schade and Mr. W. K. Taft of the 
Government Laboratories, University of Akron, for their cooperation 
in evaluating these polymers and for their permission to include the 
data in this communication. 
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TABLE V. Stress-Strain Data at 77“F. 


Monomer(s) from 
which polymer was 
prepared 

Bun* 

Min. 

cured 

at 

292 ® F. 

30C$ 

modulus, 

p.s.i. 

Tensile 

strength, 

p. s.i. 

Elonga¬ 

tion, 

$ 

' It 

Set, 

Butadiene 

- 

30 

670 

1460 

470 

. 



60 

950 

1540 

590 




90 

1020 

1930 

420 

- 



150 

1090 

1480 

560 

- 

Isoprene 

- 

30 

530 ** 

800 

280 

- 



60 

720** 

770 

230 

- 



90 

630 •• 

840 

250 

- 



150 

630 “* 

940 

260 

- 

2 -Ethylbut adiene 

20 

30 

840 

1170 

400 

- 



60 

1080 

1080 

360 

- 



90 

mo 

1110 

330 

- 



150 

920 

1040 

270 

- 

2 - 1 s opropylbut adiene 


30 

340 

1210 

850 

U 2 



60 

440 

1690 

800 

46 



90 

520 

1570 

710 

35 



150 

430 

1520 

760 

33 

2 -n-AmyIbutadiene 

53 

30 

420 

• 1520 

740 

54 



60 ' 

490 

1410 

650 

40 



90 

450 

1500 

640 

32 



150 

350 

1250 

720 

51 

Butadiene ( 75 )^ 







styrene (25) 







(standard GR-S) 

- 

30 

730 

3050 

710 

19 



30 

680 

2450 

680 

18 



60 

1290 

3680 

570 

14 



60 

1260 

3520 

570 

12 



90 

15?0 

3310 

480 

9 



90 

1500 

3340 

490 

8 



150 

i 860 

3120 

410 

5 



150 

1900 

2970 

400 

6 

Butadiene ( 95 )> 







2 - ethyIbut ad i ene 







( 5 ) 

22-25 

30 

790 

1330 

460 

- 



60 

1220 

1550 

560 

- 



90 

1270 

1620 

530 

- 



150 

- 

1390 

270 

- 

Butadiene ( 95 )j 







2 •is opropylbuta- 







diene ( 5 ) 

55-36 

30 

930 

1940 

480 

8 



60 

1500 

2280 

390 

5 



90 

1610 

2640 

370 

4 



150 

2020 

2100 

510 

3 

Butadiene ( 95 ); 







2 -1 s op ropy Ibut a - 







diene ( 5 ) 

37-38 

30 

490 

1250 

560 

13 



60 

980 

2010 

510 

11 



90 

1180 

1980 

450 

8 



150 

1260 

1820 

390 

6 
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TABIE V (continued) 


Min. 


Monomer(s) from 
which polymer was 

prepared Run* 

cured 

at 

292® F. 

500jt 
modulus, 

p.B.i. 

Tensile 

strength, 

p.s.i. 

Elonga¬ 

tion, 

Set, 

Butadiene ( 95 )^ 

2 -n-ainylbuta- 

diene (5) 55-56 

30 

1550 

1570 

310 

6 


60 

- 

1750 

250 

4 


90 

- 

i860 

240 

3 


150 

- 

1740 

230 

3 

59-60 

30 

590 

1320 

520 

9 


60 

1050 

2070 

480 

9 


90 

1120 

2020 

440 

6 


150 

1280 

1940 

390 

5 

Butadiene ( 90 ), 

2-n-aiiiylbuta- 

diene (10) 65 

50 

770 

1730 

500 

10 


60 

1490 

2010 

390 

5 


90 

1470 

2150 

370 

6 


150 - 1620 280 5 


^The absence of a nm number indicates that the polymer was prep- 
pared by the evaluators in their laboratory for the study under 
conditions similar to those used in the polymerizations described 
in this communication. Where two run nmbers ai’e given, samples 
from two runs wore combined to form a 20-g. sample, I 5 g* from 
the first run indicat-ed and g. from the second. 

•^Ultimate elongations wore all less than 500^; consequently, moduli 
were measured at a lower elongation, 



TEMPERATURE» X 


Fig. 1. Gehinan low-temperature test data: (1) polybuta¬ 
diene; (2) poly- 2 -ethylbutadiene (run 20); (3) polyiso- 
prene; (4) poly- 2 -n-amylbiitadiene (run 53); (5) poiy-2- 
isopropylbutadiene (run 34). 
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Fig. 2. Gehnan lov-temperature test data: (6) copolymer 
or 95/5 butadlene/2-lsopropylbutadlene (runs 37-38); (7) 
copolymer of 95/5 butadiene/2-n-amylbutadiene (runs 59- 
60); (8) OR-S; (9) copolymer of 95/5 butadlene/2-ethyl- 
butadlene (runs 22-23); (10) copolymer of 95/5 butadiene/ 
2-lsopropylbutadlene (runs 35-36); (11) copolymer of 95/5 
butadlene/2-n-amylbutadlene (runs 55-56). 



Fig. 3. Gehman low-temperature test data: (12) copolymer 
of 95/5 butadlene/2-ethylbutadlene (runs 22-23, uncured); 
(13) polybutadiene (uncured); (14) poly-2-ethylbutadlene 
(run 20. uncured). 
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TABIE VI. Results of Gehinan Low Teinperature Test 


Temperature > 


Monomer(s) from 
which polymer was 
prepared* 

Run** *** **** 

Curve 

T2 

T5 

Tio 

Tioo 

Freezing 

point 

Butadiene (raw) 

2 -Ethylbutadiene 

- 

13 

-38 

-62 

-68.5 

-71^.5 

-76.5 

(raw) 

Butadiene ( 95 )^ 

2 -ethylbut a- 
diene ( 5 ) 

20 

Ih 

Ik 

- 5 

-58 

-60.5 

-70.5 

(raw) 

22-25 

12 

18 

0 

-23 

-73.5 

-85 

Butadiene 

- 

1 

-57.5 

-40 

-57.5 -61.5 
-60 -65 

-67.5 

-jk 

-66.5 

-74 

Isoprene 

- 

3 

-21 

•-38 

-42 

-48 

- 48.5 

2 -Ethylbut adiene 

2 - 1 s opropyIbut a- 

20 

2 

-31 

-46 

-50 

-57 

-57 

diene 

2 -n-AmyIbuta- 

JU 

5 

- 3 

-17 

-23 

-54 

-32.5 

diene 

Butadiene ( 75 L 
styrene (25), 

53 

k 

-21 

-38.5 -*+ 3.5 

-56.5 

-5i+.5 

(standard GR-S) 

Butadiene ( 95 )^ 

2 -ethylbut adiene 

8 

-20.5 

-36 

-39 

-46 

-46 

( 5 ) 

Butadiene ( 95 )^ 

22-25 

9 

-40 

- 59-5 -63 

-71 

-72 

2 -isopropyl- 

33-36 

10 

- 35-5 

-53 

-60 

-69 

-70 

butadiene (5) 
Butadiene (95)^ 

37- 

6 

-28 

-49 

-57 

-67 

-68.5 

2 -n-araylbuta- 

55-56 

11 

-52.5 

-55 

-61.5 

-69.5 

-71 

diene (5) 

Butadiene ( 90 )^ 
2 -n-ainylbuta- 

59-60 

7 

-44 

-60.5 -64 

-69 

-69 

diene ( 10 ) 

63 


-35 

-55.5 -61 

-70.5 

-68.5 


*A 11 samples except the first three in the table were cured 90 
minutes at 292 °F. The first three samples listed were tested 
uncured, 

**The absence of a run number indicates that the polymer was pre¬ 
pared by the evaluators in their laboratory for the study under 
conditions similar to those used in the polymerizations describ¬ 
ed in this report. Where two run numbers are given, samples 
from two runs were combined to form a 20 -g. sample, 15 g- from 
the first run indicated and 5 g* from the second. 

***Average values for a large number of polybutadiene samples. 

****The curve for this polymer is not given. The difference between 
this curve and curve 11 is well within the range of experimental 
error. _ 
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As determined by the Gehman method, the low temperature 
properties of the 2>ethylbutadiene and 2-n-amylbutadiene polymers 
appear to be similar and slightly better than those of standard GR-S 
and polylsoprene, but definitely poorer than those of polybutadiene. 
The 2-isopropylbutadiene polymer was inferior in this respect. All 
of the 95/5 butadiene/2-alkyIbutadiene copolymers exhibited low 
temperature properties comparable to those of polybutadiene. 

In Table VI are tabulated the values, T,, T„ Tjg, and T^ogU^e., 
the temperatures at which the relative moduli are 2, 5, 10, and 100, 
respectively), and the freezing points obtained from the curves in 
Figures 1 through 3. 
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Synopsis 

The polymers of 2-ethyl-, 2-isopropyl-, and 2-n-amyl-l,3-buta- 
dlene alone, and their copolymers with styrene and with butadiene have 
been prepared and characterized. These monomers give the same ratio 
of l,2to 1,4 addition as has been noted for isoprene. Much less mer¬ 
captan must be used with these monomers than is required for butadiene 
to give soluble polymers. All these monomers copolymerize with 
styrene readily but have higher Wall <c values than butadiene. The 
stress-strain properties and Gehman low-temperature properties of 
all of the new polymers have been determined by the Government 
Laboratories, University of Akron, and are included in this report. 
There appear to be no unusual properties to be noted. 


Resume 

Les polymeres du 2-ethyl-, 2-isopropyl-, et 2-n-amyl-l,3-buta- 
diene ont ^e prepares et caract§risls, ainsi que leurs copolymi^res 
avec le styrene et avec le butadiene. Ces monomeres donnent le 
mSme rapport d'addition 1,2 a 1,4 que indique precedemment pour 
I'lsoprene. L'obtention de polym^res solubles dans le cas de ces 
polym^res nicessite moins de mercaptan, que dans le cas du buta¬ 
diene. Tous ces monomeres copolymirlsent facilement avec le 
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Styrene, mats avec^ des valeiws a de Wall plus elevees que le buta¬ 
diene. Lespropri^tes tension-elongation etles propri^es de Gehman 
a basse tempirature de tous ces nouveaux polynieres ont ete deter¬ 
mines par les laboratoires du gouvemement, a I'universite d'Akron; 
ils sontconsignesdansce rapport. II semble ne pas y avoir de prop- 
ri^tes autres, que les propriete^ habituelles. 


Zusammenfassung 

DlePolymerisatevon2-Aethyl-, 2-Isopropyl-,und 2-n-Amyl-l, 
3-ButadiensowieihreMischpolymerisatemit Styrol und mit Butadien 
wurden hergestellt und bewertet. Diese Monomere geben das selbe 
Verhaeltnis von 1,2 und 1,4 Addierung das fuer Isopren beobachtet 
wurde. VielwenigerMerkaptan muss mit diesen Monomeren benuetzt 
werden, um loesliche Polymerisate zu erhalten, als dies mit Butadien 
der Fall ist. Alle diese Monomere bilden leicht Mischpolymerlsate 
mit Styrol, haben aber hoehere a -Werte als Butadien. Die Zug-Span- 
nung Eigenschaften und die Gehman-Eigenschaften bei niedrigen 
Temperaturen aller neuen Polymerisate wurden in den Regierungs- 
laboratorien an der Universitaet von Akron festgestellt und sind in 
dieser Abhandlung enthalten. Keine bemerkenswerten Eigenschaften 
scheinen vorzukommen. 
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G>polymerization. VII. Relative Rates of Addition 
of Various Monomers in Copolymerization 
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INTRODUCTION 

Within the last four years the theory of vinyl copolymerization 
has progressed to the point at which quantitative predictions concerning 
monomer reactivity in copolymerizations can be made. Alfrey and 
Price (1) proposed that monomer reactivity in copolymerization is 
related to two constants Q and e which are unique for each monomer. 
The validity of this relationship is now tell established and has been 
checkedby these laboratories (2) and by Price (3) using the published 
dataof numerous authors. Copolymerization data have been obtained in 
great quantity, a partial list of which is given (4). 

The prior literature, however, with the exception of data on 
itaconicacid (5) is devoid of copolymerization studies on unsaturated 
acids. The purpose of this paper is to present data we have obtained 
on copolymerizations involving acrylic acid, methacrylic acid, and 
crotonic acid as well as other monomers. The systems studied 
include styrene-methacrylic acid, styrene-acrylic acid, vinylidene 
chloride-crotonic acid, and vinyl acetate-crotonic acid. The reactivity 
ratios, rj and rj, for these copolymerizations were obtained in the 
conventional way by allowing polymerizations to proceed to conver¬ 
sions of less than 4%, isolating and purifying the initial copolymer 
formed, and analyzingfor carbon and hydrogen in the case of styrene- 
methacrylic acid and styrene-acrylic acid copolymerizations, for 
chlorine in the case of vinylidene chloride-crotonic acid copolymer¬ 
ization, and for acid numbers in the case of vinyl acetate-crotonic 
acid copolymerization. Other copolymer systems studied are acryl¬ 
onitrile-vinyl 2-ethyl hexoate, acrylonitrile-vinyl formate, acryloni¬ 
trile-vinyl benzoate, acrylonitrile-oc-acetoxystyrene,acrylonitrile- 
allyl chloride, vinylidene chloride-vinyl benzoate, vinylidene chlo¬ 
ride-methyl isopropenyl ketone, vinyl chloride-vinyl isobutyl ether, 
and styrene-citraconic anhydride. 

RESULTS AND DISCUSSION 

All of the experimental data obtained are consistent with and 
lend further support to the general scheme of monomer reactivity in 
copolymerization as proposed by Alfrey and Price, The ejqperimental 
results and analytical data are summarized in Table I-Xm. 

The r^ and r,, monomer reactivity ratios for these systems were 
determined by choosing values which gave the best curve fit on 
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TABLE I. Styrene-Methacrylic Acid CqpolymerizatiocLS. Mass 
Polyinerization at 60 ®, 0 . 1 ^ BZ2O2 


Analyses 

Monomer, - 

mole i Conversion, ^^Bon Hydrogen Copolymer, 

styrene wt. ^ I II I II mole ^ styrene 


95.0 

< 3 

85-67 

85.53 

7.44 

7.54 

78.4 

75.0 

< 3 

76.97 

77.01 

7.76 

7.69 

54.2 

50.0 

< 3 

72-23 

72.33 

7.66 

7.73 

59.7 

25.0 

< 3 

66.60 

66.35 

7.30 

7.29 

25.6 

5.0 

< 3 

59-24 

59.03 

7.28 

7.05 

8.4 


TABLE II. Styrene-Acrylic Acid Copolymerizations, 
tion at 60®, O.l^C BZ2O2 

Mass Polymerize- 

Time at Analyses 


Copolymer, 
mole $ 
styrene 

Monomer, polymer- n v rr a^ 

C Carbon ^rogen 

styrene temp., hrs. wt. ^ I II I 

II 


93.0 

Very short 

< 3 

86.40 86.44 

7.54 7.56 

81.6 

50.5 

27.1 

Very short 

24 hrs. at 

< 3 

75.68 75.72 

7.06 7.11 

52.3 

ro 

0 

< 3 

72.52 72.82 

7.36 7.16 

45.4 

7.7 

Same as 


63.60 63.60 

6.71 6.58 

26.5 


above 


TABLE III. 

Vinylidene Chloride - Crotonic Acid Copolymerizations. 
Dioxane Solution Polymerization at 60® , O.l^t BZ2O2 

Monomer, 

Time at 


Copolymer, 

mole id 

polymer- 

HhT ori 71 ft 

mole ii 

vinylidene 

chloride 

ization Conversion 

temp., hrs. wt. ^ 

I II 

vinylidene 

chloride 

88.9 

<3 

72.65 72.66 

99.3 

42.2 

3.0 < 3 

70.81 71.17 

96.5 

18.25 

2.0 < 3 

67.62 67.75 

91.6 


TABIS 17 . 

Vinyl Acetate - Crotonic Acid Copolymerizations. Mass 
Polymerization at 68 ®, 0 . 05 jt BZ2O2 

Monomer, 

Time at 
polymer- 

„ ^ Acid Bo.* 

Conversion, - 

vt. I II 

Copolymer, 

Mole % vinyl ization 
acetate temp., hrs. 

mole ^6 

vinyl acetate 

90 

16.5 

5.0 154.9 136.3 

79.2 

80 

16.5 

1.6 188.9 196.9 

70.4 

60 

16.5 

1.6 276.5 274.5 

57.8 

40 

16.5 

2.0 297.9 300.9 

54.0 


“Milligrams of KOH to neutralize 1 gram of sample. Titrations 
were carried out in fidcohol-water solution using phenolphthalein 
as indicator. 
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TABLE V. Acrylonitrile - Vinyl 2 -Bthylhexoate Copolymerizations 
Mass Polymerization at 30 ® C. 


Moncsmer, 
mole $ 
acrylo¬ 
nitrile 

Time at 
polymer¬ 
ization 
temp., 
months 

Conversion, 
vt. i 

Nitrogen 

analysis 

Copolymer, 

moleK 

acrylonitrile 

88.4 

2 

3 

24 . 64 , 24.39 

97.8 

69.5 

2 

5 

22.98, 25.10 

95.5 

47.5 

2 

5 

20.03, 19-88 

91.0 

25.4 

2 

5.4 

15 -52 

81.5 

18.8 

2 

3.2 

13-25 

76.5 


TABLE VI. 

Acrylonitrile - Vinyl Formate Copolymerizations. 

Mass Polymerization at 6cr, 0 . 035 b BZ2Q2 

Monomer, 
mole ^ 
acrylo¬ 
nitrile 

Time at 
polymer¬ 
ization 
temp. 

Conversion, 
vt. in 

Nitrogen 

Copolymer, 
mole 5^ 

acrylonitrile 

I 

II 

66.7 

6 days 

0.1 

21.06 

-- 

64.3 

47.6 

6 days 

0.18 

19.88 

19.70 

80.3 

25.4 

72 hrs. 

0.1 

14.72 

14,29 

63.3 

13-12 

2 h hrs. 

0.2 

15-24 

13.26 

57.8 


TABIE VII. Acrylonitrile - Vinyl Benzoate Copolymerizations. 
Mass Polymerization at 75 °, 0 . 03 ^ BZ2O2 


Monomer, 
mole 56 

acrylonitrile 

Conversion, 
vt. io 

Nitrogen 

Copolymer, 

mole 

acrylonitrile 

I 

II 

86.8 

0.2 

22.88 


95.0 

71.3 

5.0 

21.67 

21.42 

92.5 

53.6 

1.6 

19.07 

18.73 

87.5 

23.3 

2.2 

12.08 

12,18 

70.8 

13.2 

2.0 

8.75 


58.0 


TABLE VIII. Acrylonitrile - Ac etoxystyrene Copolymerizations. 

Mass Polymerization at 75 ®, 0 . 05 ^ BZ2O2 


Monomer, 
mole 5 ^ 

acrylonitrile 

Conversion, 
vt. in 

Nitrogen 

Copolymer, 
mole io 

acrylonitrile 

I 

II 

96.6 

O.k 

12.29 

12.55 

73.7 

77.5 

2.4 

7.01 

7.06 

52.5 

53.8 

4.6 

5.80 

5.47 

45.5 

20.8 

1.6 

2.99 

2.99 

28.0 

17.6 

4.0 

2.59 

2.79 

25.8 
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TABI 2 J IX, Acrylonitrile - Allyl Chloride Copolymerizations. 
Mass Polymerization at 60 ®^ 0 . 1^6 Bz2Qa 


Monomer, 
Mole i> 
acrylo¬ 
nitrile 

Time at 
polymer¬ 
ization 
ten^., hrs. 

Conversion, 

wt. 

Nitrogen 

Copolymer, 

mole^ 

acrylon¬ 

itrile 

I 

II 

68.4 

8.0 

2.2 

22.13 

22.^ 

88.2 

59.0 

8.0 

2.0 

21.30 

21.64 

86.0 

38.2 

. 144.0 

0.6 

17.10 

17-49 

75.3 

13.84 

144.0 

0.2 

10.57 

10.65 

49.0 

7.08 

68.0 

0 . 1 ^ 

8.15 

8.30 

39.4 


TABLE X. Vinylidene Chloride - Vinyl Benzoate Copolyraerizations. 
Mass Polymerization Using No Catalyst 


Monomer, 
mole -^6 
vinyl¬ 
idene 
chloride 

Time at 
polymer¬ 
ization 
temp., 
hrs. 

Conversion, 

wt. 

Polymer¬ 
ization 
Temp., C. 

Chlorine 

analysis 

Copolymer, 
mole 56 
vinyl- 
iodene 
chloride 

93.2 

3.75 

< 3 

2 k 

69.90 

96.95 

82.1 

5.0 

< 3 

2 k 

68.82 

95-94 

69.6 

72.5 

< 3 

2 k 

66.31 

93-60 

21.2 

216.0 

< 3 

50 

40.45 

65.28 

7.4 

483.0 

< 3 

50 

23-90 

42.60 


TABLE XI. Vinylidene Chloride - Methyl Isopropenyl Ketone Copoly¬ 
merizations. Mass Polymerization Using No Catalyst at 

6crc. 


Monomer, 

mole io vinylidene 
chloride 

Conversion, 
wt. i, 

Chlorine 

analysis 

Copolymer, 
mole io 

vinylidene chloride 

95 

< 3 

59-20 

75-5 

75 

< 3 

34.67 

39-4 

50 

< 3 

16.46 

17.2 

25 

< 3 

7.68 

7-8 

5 

< 3 

2.92 

2-9 


TABLE XII. Vinyl Chloride - Vinyl Isobutyl Ether Copolymeriza¬ 
tions. Mass Polymerization at 50 ® C. Using l.Ojf 
BZ2Q2 


Monomer, 
mole $ 
vinyl 
chloride 

Time at 
polymer¬ 
ization 
temp., hrs. 

Conversion, 
wt. $ 

Chlorine 

analyses 

Copolymer, 

mole 

vinyl 

chloride 

I 

II 

96.82 

1.25 

1.0 

55-70 

56.06 

99.0 

93-51 

1.25 

1.0 

55-96 

55.62 

98.9 

87.44 

16.0 

2.7 

49-20 

49.69 

91-5 

71 - 1^7 

16.0 

3-0 

43.58 

43.91 

84.5 

51-19 

16.0 

3-7 

37.37 

37.25 

75.1 

7.78 

16.0 

1.0 

21.16 

21.47 

49.0 
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TABIB XIII. Styrene - Citrewjonlc Jtohydride CopolymerizaticaiE. 

Mass Polymerization, at 60 '* C. Using No Catalyst 


Monomer, _ Analyses _ Copolymer, 


mole io 

Conversion, 

Carbon 

Hydrogen 

mole ^ 

styrene 

Wt. i 

I 

II 

I 

II 

styrene 

95 

< 5 

81.58 

81.18 

6.62 

6.58 

75.3 

75 

< 5 

77 . 1+1 

77.29 

6.1+4 

6.22 

65.8 

50 

< 3 

73.17 

72.81 

6.25 

6.08 

53.2 

25 

< 5 

70.98 

70.67 

6.43 

5.98 

48.3 

5 

< 5 

69.81 

69 . 1+9 

5.67 

5.43 

44.1 


substitution in the differential copolymer equation (6,7). This method 
gives more weight to the individual contributions of aU experimental 
points than the intersecting method of Mayo and Lewis. The reactivity 
ratios for these systems and azeotropic compositions where they exist 
are given in Table XIV. 

It is of interest that the azeotrope of the system styrene-meth- 
acrylic acid (74%) occurs at a much higher acid concentration than 
that of styrene-acrylic acid (48%). This difference is reflected in 
Q and e values of methacrylic acid as calculated from the Price and 
Alfrey relationship (1); 

r, - —e-ei(ei-ea) 


Qi Qi 

Qi Cl 

Acrylic acid*: 1.58 t 0.05 1.0 + 0.05 

Methacrylic acid*; 2.0 t 0.1 0.7 t 0.05 

These values may be interpreted as evidence of higher resonance 
stability of the radical adduct formed from methacrylic acid than 
from acrylic acid, and lower polarity of methacrylic acid than acrylic 
acid. 

It will be noted that an azeotrope occurs in the system vinyl 
acetate-crotonic acid, but not in vinylidene chloride-crotonic acid. 
The cause for this is probably due to the higher resonance stability 
of radical adducts from vinylidene chloride than from vinyl acetate. 

The data on acrylonitrile copolymerization with vinyl formate 
and vinyl 2-ethylhexoate supplements the vinyl acetate-acrylonitrile 
copolymerization data (r, = 0.02 * 0.02, rj = 6 * 2) reported previously 
(2). It will be noted that vinyl ester reactivity in copolymerization 
diminishes as the chain length Increases. The comparatively high 
rj value (0.05 * 0.005) of the vinyl benzoate-acrylonitrile system 
indicates a contribution of the aromatic nucleus to radical adduct 
stability even though no conjugation of the vinyl group exists. 

*Based on styrene values of Q = 1; e = -0.8. 
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The system a - acetoxystyrene-acrylonttrlle shows that the 
polar and steric effectsof an ae-acetoxy group in styrene are of little 
importance in copolymerization with acrylonitrile (2). Conjugation of 
the vinyl grotq> with the phenyl nucleus is the major factor in copoly¬ 
merization of styrene derivatives. 

Allyl chloride exhibits an e]q>ectedly low tendency to copoly¬ 
merize with acrylonitrile. The copolymerization of vinylidene chloride 
and vinyl benzoate shows a lower resonance stabilization of vinyl 
benzoate than vinylidene chloride. 

The copolymerization of methyl isopropenyl ketone and vinyl¬ 
idene chloride shows the considerable effect of vinyl ketone conjugation 
on resonance stabilization. 


TABIK ZIV. 



r-i 


r2 


Composition 
(8.) of 
azeotrope 
in ^ 

Styrene-methacrylic acid 

0.15 ; 

.01 

; 

0.05 

74 

Styrene-acrylic acid 

0.15 “ 

.01 

0.25 - 

0.02 

k6 

Crotonic acid-vinylidene 
chloride 

0 .065^ .005 35 - 

5 

— 

Vinyl acetate-crotonic 
acid 

0.3 - 

.05 

0.01 - 

0.01 

44 

Vinyl 2-ethylhexoate- 
acrylonitrile 

0.01 - 

.01 

12 t 

2 

-- 

Vinyl formate-acrylo¬ 
nitrile 

0.04 - 

o 

o 

Ul 

5.0 - 

0.05 

-- 

Vinyl benzoate-acrylo¬ 
nitrile 

0.05 - 

o 

o 

\J1 

5.0 i 

0.05 

-- 

- Acetoxystyrene-acrylo¬ 
nitrile 

0.4 - 

.05 

.08 - 

0.01 

ho 

Allyl chloride-acrylo¬ 
nitrile 

0.05 - 

.01 

5.0 - 

0.2 

-- 

Vinyl benzoate-vinyl- 
idene chloride 

0.1 - 

.02 

7.0 - 

1 

-- 

Methyl isopropenyl ketone- 
vinylidene chloride 

4.5 - 

,1 

0.15 - 

0.02 

-- 

Vinyl chloride-vinyl iso¬ 
butyl ether 

2.0 - 

.2 

0.02 - 

0.01 

-- 

Styrene-citraconic anhyd¬ 
ride 

0.15 - 

.02 

0,01 - 

0.01 

hh 


The copolymerization of vinyl chloride and vinyl Isobutyl ether 
indicates that vinyl isobutyl ether has an even lower resonance 
stabilization of its adduct than vinyl chloride. The ready formation of 
this copolymer is interesting in view of the fact that, according to our 
own observations vinyl isobutyl ether will not polymerize alone by free 
radical catalysis. 

The copolymerization of styrene and citraconic anhydride was 
found to yield a copolymerization curve similar to that of styrene- 
maleic anhydride previously reported by Alfrey (8). It appears that 
citraconic anhydride is slightly less reactive toward a styrene free 
radical than maleic anhydride. 
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Styrene monomer. Redistilled Monsanto Chemical Co. material 
was used 

Acrylonitrile was the redistilled product of American Cyanamid 
Co. 

Methacrylic acid was the redistilled Rohm and Haas product. 
Acrylic acid was the redistilled Rohm and Haas product. 

Vinylidene chloride was the redistilled Dow Chemical Co. 
product. 

Vinyl isobutyl ether was the redistilled General Aniline Corp. 
product. 

Crotonic acid was obtained from Shawinigan Chemical Corp. 
and used as received. 

Allyl chloride was the redistilled Shell Chemical Corp. product. 
Benzoyl peroxide. The Lucidol Corp. product was used as 
received. 


Copolymerization Method 

Essentially the same e]q)erimental procedure was used for 
determining all monomer-copolymer relationships. A total of 100 g. 
of mixed monomers was placed in 4 oz. French square bottles with 
the desired quantity of benzoyl peroxide. The concentrations used are 
shown in Tables I-Xm. The air above the reaction mixture was swept 
out with nitrogen and the bottle was closed with a metal cap. Polymer¬ 
ization times and temperatures are described in Tables I-XHI. An 
air oven regulated to *l°was used, and polymerization was interr\q>ted 
at the point of slight viscosity increase or appearance of insoluble 
polymer (as in the case of copolymers containing above 60% acrylo¬ 
nitrile). The copolymer formed was isolated by pouring the reaction 
mixture into 3000 ml. of denatured ethanol (2B) at room temperature 
or into hexane in case of acrylic acid, methacrylic acid, or crotonic 
acid copolymers. Bottle rinsings were added to the precipitated 
mixture. The mixture was then boiled to render filtration easier and 
filtered. After triturating the copolymer with two successive quantities 
of 1500 ml. portions of ethanol, it was dried in an evaporating dish for 
two days in a circulating air oven at OO^C. and analyzed for nitrogen 
by the micro-Dumas method in the case of acrylonitrile copolymers, 
for carbon and hydrogen by combustion in the case of acrylic acid, 
methacrylic acid or citraconic anhydride copolymers, for chlorine by 
the Parr bomb method in the case of vinyl chloride or vinylidene 
chloride copolymers, or by acid number in the case of vinyl acetate- 
crotonic acid copolymers. Copolymerizations of vinyl chloride-vinyl 
isobutyl ether, vinylidene chloride-vinyl benzoate, and vinylidene 
chloride-crotonlc acid were carried out in capped soda pop bottles 
under pressure. After the desired conversion was attained, pressure 
was released by pimcturing the cap with an ice pick. Conversions and 
analyses for all copolymerizations are given in Table I-XIH. 
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Synopsis 

Information concerning monomer reactivity in copolymerization 
has been obtained for thirteen copolymerization systems. The influence 
of substituents and chain length in vinyl polymerization is discussed in 
the light of this and preceding data. Unsaturated acid behavior in 
copolymerizations is discussed for the first time. 


Resume 

Des renseignements concernant la reactivite des monomeres au 
coursdes copolymerisations ont 6te obtenus pour treize systemes de 
copolymerisation. L'influence des substituants et de la longeur de 
chaine au cours des polymerisations vinyliques est discutee a la 
lumiere de ces resultats precedents. Le comportement d'acides 
non-satures dans les copolymerisations est discutee pour la premiere 
fois. 


Zusammenfassung 

Die Reaktivitaet von Monoraeren in Mischpolymerisationen 
wurden fuerdreizehnMischpolymerisationssystemeimtersucht. Der 
Einfluss von Ersatzgruppen imd Kettenlaenge auf Vinylpolymerisa- 
tionen wird auf Grundder neu erhaltenen und vorhergehenden Daten 
eroertert. Das Verhalten ungesaettigter Saeuren in Mischpolymer¬ 
isationen wird zum ersten Mai besprochen. 
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Influence of Molecular Weight on the Properties 
of Polystyrene. I, Mechanical Properties of 
Polystyrene Films Cast from Solvents^ 


E. MERZ, L. NIELSEN, and R. BUCIIDAHL, Plastics Research 
Laboratory, Monsanto Chemical Co., Springfield, Mass. 


INTRODUCTION 

In the course of a major program on determining the relation¬ 
ships between physical and mechanical properties and the molecular 
weight of polystyrene, the problem of drying films cast from solvents 
was met. Previous investigators have shown (1,2,4) how difficult it is 
to remove the last traces of solvent so that the physical properties 
of the dry polymer itself can be measured. 

The purpose of this imdertaking was three-fold: to find a re¬ 
producible way to cast polystyrene films of the desired dimensions, to 
find a drying cycle which would reduce the solvent concentration to 
some small value which did not affect the measured mechanical prop¬ 
erties within the precision of their determination, and to define that 
precision. 


PREPARATION OF THE FILMS 

Using a 2 X 2 block with replication design of ejq)eriment, with 
only four films, the relationships diagrammed in Figure 1 and listed 
below could be evaluated: 

A. Reproducibility of casting procedure from methyl ethyl 
ketone (MEK). 

B. Reproducibility of casting procedure from benzene. 

C. Reproducibility of leaching procedure of MEK films. 

D. Reproducibility of leaching procedure on benzene films. 

E. Comparison of MEK films with benzene films. 

F. Comparison of leached MEK films with leached benzene 
films. 

G. Determination of effect of leaching on MEK films. 

H. Determination of effect of leaching on benzene films. 

Hence, two films 8 1/2 x 11 x 0.011 inches were cast on each of 
two days, one from benzene and one from MEK solution. The poly¬ 
styrene had an intrinsic viscosity of 1.59 deciliters/g. measured at 

‘Contribution from Plastics Research Laboratory, Monsanto Chemical 
Company, Springfield, Massachusetts. Presented at the American 
Physical Society, 1949, New York Meeting. 
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28.5°C. in toluene and a number-average molecular weight of 560,000. 
The solutions were made up to 7.5 grams polymer per 100 ml. of 
solution, filtered, and poured onto clean mercury retained by a stain¬ 
less steel rectangular frame. The solutions were then covered and the 
solvent allowed to evaporate slowly for 2-3 days. Faster drying caused 
the surface of the film to assume an orange peel aspect. 


FfGURE I 
RELATIONSHIPS INVESTIGATED 



The films after being removedfromthe mercury and frame were 
air dried overnight and dried for four hours in a vacuum oven at 50°C. 
Each film was split in half; one half of each was leached in methanol 
for two hours then air dried for two hours. All eight pieces were 
placed between separate cardboards and dried for one hour at 70°C. 
and four hours at 95‘tr. 

While the physical properties of these films were being tested, 
other drying eTq)eriments were made on extruded polystyrene film 
which had never been exposed to solvents. Eight pieces of film 0.0025 
inches thick were cemented into two films each 0.010 inches thick. 
For one set, MEK was used as cement, for the other benzene. Each 
film was then dried in air overnight. The graph of percent residual 
solvent versus log time for drying at 50°C. in a vacuum oven is given 
in Figure 2. Another set of these films was made up, dried in air 
overnight and then dried at 87°C. in a circulating air oven. (Above 
90°C.the films would shrivel up due to release of orientation strains 
(3)). The grsqph of percent residual solvent versus log time for this 
drying cycle is given in Figure 3. 

Further drying treatments given to the cast films were based 
on the results of the above work and are given in detail below in the 
sections on physical measurements. 

MEASUREMENT OF MECHANICAL PROPERTIES 

1. Tensile Strength and Elongation 

The tensile strengths and elongations were measured on strips 
5 X 0.500 X 0.011 inches nominal size on a Scott IP-4 Tester at a 
nominaltesting speed of 6000 p.s.i./min. Six replications were per¬ 
formed. These strips broke in the grips frequently so the grips were 
padded with polyvinyl chloride sheet stock. Dumbbell-shaped sped- 
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0 09 to 19 20 2.9 
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mens would have been more satisfactory but there was not sufficient 
material from which they could be cut. 

The results are given in Table 1. In all cases the elongations 
were ^proximately 2% with a 100% error in measurement. 

From these results the correlations as diagrammed in Figure 1 
would be evaluated as (letters in parentheses refer to the key of 
Figure 1): 

The tensile strengths of the films cast on the first day are 
higher than those cast on the second day (A,B). Leaching with methanol 
has no apparent effect (C, D, F, G, H) and hence is reproducible. Films 
cast from benzene have uniformly lower tensile strengths than films 
cast from MEK (E). 

2. Dynamic Modulus and Damping 

Dynamic mechanical properties are those in which the applied 
forces vary with time, in general in a sinusoidal manner. Two important 
dynamic constants are the dynamic Young's modulus and damping. The 
modulus in an inverse measure of the tensile elongation per unit of 
sinusoidally varying applied force, that is, it is a measure of the 
potential energy stored in the material when it is deformed. The 
damping indicates how much of the energy put into deforming the 
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system is not recoverable when the applied force is removed and is, 
therefore, transformed into heat energy, thus tending to heat tq) the 
material. 


TABia I. Tensile Strength of Films 


Type of film 


Mechanical property 

Solvent from Day 


Tensile 

Standard 

which as t cast 

Treatment ^ 

strength^ 

•deviation 


Benzene 

First 


5790 

115 

Benzene 

First 

leached 

5650 

110 

MEK 

First 


5960 

ho 

ME!K 

First 

Leached 

5500® 

220 

Benzene 

Second 


5220 

290 

Benzene 

Second 

Leached 

5220 

290 

MSEC 

Second 


5760 

73 

MEK 

Second 

Leached 

5650 

2^0 

Benzene 

Second 

Dried 88 hrs. 
at 93°C. 

6000 

160 

MEK. 

Second 

Leached, dried 

88 hrs. at 

93 ° C. 

6000 

230 

^Other than 

standard 

treatment described 

in the section 

on film 


preparation. 

^Average of six determinations. 

^These samples broke in the grips as well as between the fiducial 
marks so this val\ae is probably low. 


Figure 4 is a sketch of the dynamic testing apparatus used. A 
12 inch permanent magnet loudspeaker was modified and used as a 
vibrator for the plastic film, which was in the form of a reed 3/8 in. 
wide and about 2 V4 long. One end of the reed was clamped to the 
vibrator forming a cantilever beam. The power to drive the vibrator 
came from a 10 watt, high fidelity audio amplifier, which in turn was 
driven by a Hewlett-Packard model 200D audio oscillator. The 
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dynamic modulus was determined from the resonance frequency of 
the reed while the damping was obtained from the half'Width of the 
resonance peak. Forthese measurements alow power microscope with 
a micrometer eyepiece was used to observe the deflection of the free 
end of the reed. The temperature was controlled by a windowed electric 
oven built arotmd the reed. Vigorous air currents could not be tolerated 
in the oven since they would disturb the reed. Because of temperature 
gradients in the oven, the higher temperatures are indefinite by about 
two degrees. 

By changing the dimensions of the reed the frequency range from 
10 to 200 cycles per second could be studied except near 45 cycles per 
second where the vibrator itself had a naturax frequency of vibration. 

Fora cantilever beam of rectangular cross-section with small 
damping, the dynamic Yoving's modulus can be calculated from the 
equation (6): 

1 * s 

E = 38.24 —j pfr 
d 

whereE = Young's modulus, dynes/cm.*; 1 = free length of reed, cm.; 
d = thickness of the reed, cm.; p = density of the reed, g./cc.-,fj. = re¬ 
sonance frequency, cycles/second. 

The damping can be foimd from the half width of the resonance 
peak. Thisquantity Af/fristhedtfferencebetweenthetwofrequencies 
at which the amplitude of vibration is one half the amplitude at the 
resonance frequency (where the amplitude is a maximum) divided by 
the resonance frequency. Damping can be e:q)ressedby many different 
terms depending on the experimental method of measuring it. In order 
to compare results obtained by different methods, it seems advisable 
to convert all the results to a common basis; the imaginary elastic 
modulus divided by the real elastic modulus is likely the best quantity 
for this. Young's modulus can be defined by: 

E = E'+ IE' 

where E* is the real part of the modulus, E" is the imaginary part of 
the modulus, i.e., adampingterm, and i (-1) It can be shown that 
the following equation is true if the damping does not become too 
great: 


If the terminology of the electrical analogs is adopted, E" is the 
mechanical loss factor and E"/E' is the mechanical dissipation factor. 

Table II gives the dynamic modulus and mechanical dissipation 
factor for some of the polystyrene films studied. Figures 5, 6, and 7 
are graphs of the same data as a function of temperature. For a given 
specimen the relative accuracy of the modulus is about 2 percent while 
the error may be as large as 5 percent when comparing different 
specimens. The error in damping should be less than 10 percent. All 
the testwererimat a frequency between 20 and 30 cycles per seconc’, 
other tests have shown the modulus and damping for polystyrene to be 
nearly independent of frequency. 
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TABIB II. Dynamic Properties vs. Temperat\ire 


Type 

of film 


Mechanical property 


Solvent 
from which 
cast 

Day 

cast 

Treatment^ 

Temp., 

Young* s 
modulus, 
(dynes/cm. 

X 10“^® 

Dissipa¬ 

tion 

factor 


Benzene " 

First 


27 

5.21 

0.027 

0 




55 

2.89 






63 

2.83 






73 

2.59 






80 

2.27 

0.079 


Benzene 

First 

Leached 

30 

3.23 

0.027 

0 




52 

2.92 






60 

2.83 

0.042 





71 

2.62 






76 

2.49 

0.064 





81 

2.28 

0.095 


MEK 

First 


26 

3.15 

0.025 

• 




50 

2.89 






61 

2.80 

0.035 





70 

2.68 






78 

2.60 

0.043 





86 

2.44 

0.051 


MEK 

First 

Leached 

26 

3.13 

0.024 

A 




55 

2.81 






62 

2.72 






77 

2.50 






80 

2.44 

0.046 





85 

2.35 

0.054 


Benzene 

Second 


25 

3.19 

0.029 

A 




50 

2.96 






60 

2.80 






70 

2.66 

0 .o 43 





76 

2.47 

0.055 





78 

2.37 

0.084 


MEK 

Second 

Leached 

26 

3.08 

0.028 

A 




50 

2.88 






60 

2.75 






71 

2.63 

0.038 





79 

2.43 

0.044 





87 

2.26 

0.066 


Benzene 

- 

24 hrs . at 

28 

3.24 

0.026 

□ 



105*^0. 

51 

3.04 






61 

2.97 






71 

2.90 

0.034 





77.5 

2.84 

0.040 





88 

2.61 

0.053 





93 

2.39 

0.082 





99 

1.96 

0.17 


Benzene 


Dried 88 

28 

3.40 

0.027 

11 



hrs. at 

50.5 

3.18 





95 " C. 

60 

3.10 





• 

70 

2.99 

0.036 





78 

2.88 

0.039 
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TABIK II (continued) 


Type of film 


Mechanical property 

Solvent 

from which Day 
cast cast 

Treatment^ 

Temp., 
^C. 

Young’s 
modulus, 
(dynes/ cm.^) 

X lo"^° 

Symbol 
Dissipa- in 
tion Figs, 
factor 5,6, 7 



85 

2.69 

0.050 



91 

2.38 

0.059 

MEK 

Leached^ 

27 

3.16 

0.024 ■ 


dried 88 

51 

2.97 



hrs. at 

61 

2.91 



95° C. 

71 

2.80 

0.029 



78 

2.7^ 

0.032 



86.5 

2.65 

0.033 



93 

2.^h 

0.043 

mother than standard treatment. 




From these dynamic tests the relationships diagrammed in 
Figure 1 can be evaluated as follows (letters in parentheses refer to 
the key of Figure 1). 

The casting procedure is fairly reproducible from day to day, 
whether using benzene or MEK as solvent (A, B). Leaching with 
methanol seems to have little effect and as such should be reproducible 
(C, D, F, G, H). All the films are nearly identical at room temperature 
but the moduli begin to decrease rapidly and the dissipation factors 
begin to increase rapidly for the benzene films at somewhat lower 
temperatures than for the MEK films (E). 

3. Creep Measurements 

The tensile creep of 5 x 0.5 x 0.011 inch strips of polystyrene 
films was measured at 79 * 1 °C. in an air bath. Elongation as a function 
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TEMPERATURE •C 


of time was followedwithacathetometer readingto 0.005 cm, focused 
on two fiducial ink marks about 4 cm. apart. The description of samples 
run and identifying symbols are given in Table III. Creep curves for 
all of the first day films are given in Figure 8. A comparison of the 
films cast on different day sis given in Figure 9. Figure 10 illustrates 
the effect of various drying times and temperatures. The precision of 
the creep measurements was not evaluated in detail but the results 
are considered reliable within ^15% with the exception of the MEK 
film which had been dried for six days at high temperatures. This 
film did not creep appreciably before breaking. 

The relationships diagrammed in Figure 1 can be evaluated from 
the creep results as follows (letters in parentheses refer to the key 
of Figure 1). 

The films cast from MEK on different days are slightly different 
in their position along the compliance axis although this difference is 
practically within eiqperimental error (A). The benzene films cast on 
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different days besides being displaced along the compliance axis also 
have a differently shaped creep curve (B). Leaching with methanol 
seems to remove enough solvent to lower the rate of creep of both 
benzene and MEK films (G, H) but since this effect is of the same 
order of magnitude as the variations due to casting on different days 
the various reproducibilities of the leaching procedure were not 
evaluated (C, D, F). The MEK films in all cases had a smaller rate 
of creep than the benzene films and in addition seemed to give a creep 
curve with more concavity toward the time axis (E). 


table tit. Sutnmeiiy of Creep Measurements 


Type of 

film 

Data 

to be foimd 

in: 

Solvent from 
which cast 

Day 

catJt 

Treatment ^ 

Figure 

number 

Symbol 

Benzene 

First 


8, 10 

0,0 

Benzene 

First 

Leached 

8, 9 

0,0 

MEK 

First 


8, 9 

A,A 

MEK 

First 

Leached 

8 

A 

Benzene 

Second 

Leached 

9 

0 

MEK 

Second 


9, 10 

A,A 

Benzene 


Dried 88 hrs. at 
93^*0. 

10 

9 

Benzene 


Dried 88 hrs. at 
9:^°C. and 
hrs. at 10:5“ C. 

10 

A 

MEK 


Leached^ dried 

88 hrs. at 93°C. 

10 

• 

MEK 


Leached, dried 

176 iirs. at 

93° C. 

10 

A 

^Other than ctandard 

treatment. 




EFFECT OF PROLONGED DRYING 

Guided by the results obtained from the drying experiments on 
extruded film, the films were then subjected to various drying times 
at temperatures above 90°C. Tensile strength measurements on films 
whichhadbeen dried for 88 hours at 93°C. showed that unleached and 
leached MEK films both were dried sufficiently to give the same 
tensile strength (Table I). Dynamic measurements of the same films 
showed that the benzene films had a higher modulus than the MEK 
films but that the modulus began to break off at a lower temperature 
(Tm) (Figure 7). TheTM was raised by the drying treatment for both 
benzene and MEK films. 

The creep results, which showed up small differences in the 
films more strikingly, again showed that this drying treatment reduced 
the rate of creep considerably and also altered the shape of the creep 
curve for both benzene and MEK films (Figure 10). A benzene film 
which had been dried an additional 24 hours at 103‘C. and an MEK 
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TIMC IN MINUTCS 


film which had received an extra 88 hours at 93°C. were identical 
with the films which had been dried for only 88 hours at 93°C. For 
these measurements of mechanical properties then, drying the films 
for approximately 3 days at temperatures above ^O^C. reduces the 
solvent concentration to a value too small to affect the measurements 
within experimental error. 



0 


75 


100 
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DISCUSSION 

Although these polystyrene films have been shown to be dry In 
the sense that further drying does not alter the values of the mechanical 
properties measured, the films cast from benzene are different from 
those cast from MEK. In Figure 10, the creep curves of the benzene 
films have a much larger compliahce than the MEK films and also the 
compliance increases with time which is not the case with dry MEK 
films. The question of to what this is due naturally arises. Considering 
the choice of possible effects to be those of film structure or residual 
solvent, the conclusion must be drawn that this effect is due to small 
amounts of tenaciously held benzene, since it is known (1) that 88 hours 
at 93°C. is sufficient to remove from these films even so gross a 
structure difference as orientation. The e^eriments detailed above 
unfortunately give little insight into the nature of this tight binding of 
benzene in thin polystyrene films. 

A brief consideration of the results given in Figures 5, 6, and 7 
seems to be in order as these data might throw some light on the as 
yet rather poorly understood mechanism of deformation of rigid 
polymers below and near the so-called second-order transition point. 

The absolute value and the temperature dependance of the 
modulus of elasticity between 20 and SO^C. show clearly that poly¬ 
styrene behaves very much like a great many organic or inorganic 
amorphous solids of high or low molecular weight; i.e., the defor¬ 
mations \mder static and dynamic stresses are determined primarily 
by the displacement of atoms (or molecules) rather than chain segment 
rearrangement. The small amount of long time creep under static 
stress which has been observed within this temperature (8) must then 
be attribiited to a kind of slippage similar to the mechanism of creep 
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In the metals (9). This interpretation of creep below SO^C. is further 
siq)portedby several other experimental facts; low temperature creep 
polystyrene is almost always associatedwithcrazing(8),low tempera¬ 
ture creep is very much dependent on the method of fabrication and 
preparation of the test specimen in contrast to high temperature (8,10), 
and low temperature creep seldom, if ever, exceeds 2% elongation. 

However, once a certain temperature, Tm* been reached, 
the m'odulus decreases by several orders of magnitude and the 
mechanical loss factor first increases by several hundred percent and 
then decreases again (10) within a fairly narrow temperature range 
(30-40‘’C.). Although the change in modulus and loss factor is not 
discontinuous with temperature, it is sharp enough to suggest a 
definite change in the deformation mechsinism requiring the simultane¬ 
ous coo p eration of practically all of the molecules. The rather 
marked influence of very sm^l amounts of solvents on the onset of 
this transition and also on the creep (1) would then have to be inter¬ 
preted as an impurity effect decreasing the stability of the system 
toward dynamic or static stress. 

The temperature range in which the mechanical properties 
undergo a rather sudden transition is just about when the so-called 
second-order transition point for polystyrene has been established on 
thebasisof voiumetric (5)andrefractometric (11) measurements as a 
fxmction of rate of temperature increase or decrease. The fact that the 
absolute value of the transition point depends on the rate of heating 
(or cooling) and furthermore that the transition point completely 
dis{q>pears when the rate of heating approaches zero has lent consider¬ 
able siq)port to the belief that this point is not a transition point in the 
thermo(tynamic sense but only an ^parent discontinuity due to a rate 
processwhichis determined by the very high viscosity of the medium. 
However, it does not seem reasonable to assume that this close 
relationship between the two phenomena is purely accidental. It 
appears more justified to consider both processes as being governed 
by the same mechanism with the proviso that the interpretation of 
volumetric second-order transition point is complicated by the super¬ 
position of a non-equilibrium process on an equilibrium process (7). 

CONCLUSIONS 

Using a stringent drying cycle, it has been shown that the pro¬ 
cedure used for casting polystyrene films is reproducible from day to 
day whether using MEK or benzene as solvent. Methanol leaching to 
remove solvent is not very efficient. 

The precision of the tensile strength, creep, and dynamic modulus 
and dissipation factor measurements has been evaluated. 

The reason for the difference between "dry” benzene films and 
"dry" MEK films has been discussed. 

A discussion of the second-order transition point and the point 
at which the dynamic modulus begins to decrease rapidly has been 
included. 
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Synopsis 

The variables of casting polystyrene films from methyl ethyl 
ketone and from benzene are investigated. It is shown that stringent 
drying is necessary to remove the last traces of solvent. The dif¬ 
ferences in dry film structure, second-order transition point, and 
temperature at which the dynamic modulus suddenly decreases are 
discussed. 


Resume 

Les differents facteurs, qui Influencent le coulage de films de 
polystyrene au depart de solution dans la methylethylacetone et dans le 
benzene, ont ete Studies. Un sechage rigoureux est nScessaire pour 
41iminer les derni^res traces de solvent. Les diffirences du point de 
vue de la structure dufilm sec, du point de transition de second ordre, 
et de la temperature, a laqufelle le module dynamique dlcrolt soudaine- 
ment, sont discutees. 


Zusammenfassung 

VerschiedeneMethoden,durch die Polystyrolfilme von Methyl- 
aethylketon und Benzolloesungen gegossen werden koennen, werden 
erforscht. Es wird gezeigt, dass ein wirksamer Trocknungsprozess 
notwendig ist, um die letzten Loesemittelspuren zu entfernen. Die 
Unterschlede in der Struktur der getrockneten Filme, ihrer Ueber- 
gangstemperatur der zweiten Ordnung und der Temperatur, bei der der 
dynamische Modul ploetzlich abnimmt, werden eroertert. 
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Reactivity of Fibrous Cellulose 
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Paper Manufacturers Ltd., Melbourne, Australia 


In recent years, the results of several investigations have been 
published attempting to define the quality of fibrous celluloses by their 
reactivity (1-10). These publications may be considered as the outcome 
of the recognition that the suitability of cellulose fibers for chemical 
conversion purposes is closely related to the physical (supermole- 
cular) structure of their building units. 

The widely held view that cellulose molecules in fibers exist 
in a highly regular, less regular, and in randomly oriented arrange¬ 
ment led to the conception that regions in the fibers, where the cellu¬ 
lose chains are densely packed and regularly oriented, will react with 
solutions relatively slowly. Other portions of the fibers with an ex¬ 
panded structure, where the access of the reagents is greater, will 
react faster. Attempts have been made to determine the relative pro¬ 
portions of the difficultly and easily accessible areas in fibrous cellu¬ 
loses. These regions have also been considered to be essentially crys¬ 
talline and amorphous, respectively. No sharp borderline seems to 
exist, however, between the extreme highly ordered and highly dis¬ 
ordered areas, but there are apparently transitional regions present 
in which the organization of cellulose chains is of intermediate de¬ 
grees (11-14). 

KINETIC METHODS FOR ESTIMATING DIFFICULTLY AND EASILY 

ACCESSIBLE AREAS 

One of the methods for estimating the relative proportions of 
crystalline and amorphous regions consists of submitting the cellu¬ 
lose fibers to a mild chemical reaction and following the progress of 
the reaction with time. The rate plots are then resolved with the im- 
derlying idea that they represent a slow reaction with the difficultly 
accessible component superimposed upon af ast reaction with the more 
reactive or easily accessible components. This kinetic method has 
been applied by several investigators and the rates of various mild 
reactions have been studied, with the assumption that the chemical 
reaction does not materially alter the physical structure of the fibers 
investigated. The disadvantage of the kinetic method, according to 
Purves,etal. (3,15), isthat, due to penetration of the reagents to crys¬ 
talline regions and swelling, the amorphous areas assessed may be 
too high. According to Mark etal. (10,l6)by the applicationof aqueous 
solutions swelling may open some of the weak bonds between hydroxyl 
groups of adjacent chains, and as a result of an increased penetration 
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increased degree of accessibility would be indicated. Yet the same 
authors do not exclude the possibility that during acid hydrolysis in 
the presence of ferric chloride some crystallization occurs which 
would tend to increase the amount of difficultly accessible areas in 
cellulose fibers when this method is used. Hermans (17) draws at¬ 
tention to the dependence of accessibility on the nature of reagent and 
solvent used, since the molecular size of the latter and affinity con¬ 
ditions towards cellulose may influence the amounts of crystalline and 
amorphous regions assessed by ^plying different reagents and sol¬ 
vents. In view of these facts it could be explained why the relative 
proportions estimated by kinetic methods disagree with those deter- 
minedby physical methods (x-ray, infrared absorption, thallation, gas 
adsorption, etc.). On the other hand, it may be anticipated that the 
kinetic methods would have the advantage of throwing more light on 
the course and mechanism of heterogeneous reactions with fibrous 
cellulose, and a successful analysis of the results may even contribute 
to a better understanding of the fine structure of cellulose fibers. 

HETEROGENEOUS ACID HYDROLYSIS OF CELLULOSE 

The rate of the heterogeneous acid hydrolysis of fibrous cellu¬ 
lose — contrarily to the homogeneous — has received relatively little 
attention. Birtwell, Clibbens, and Geake (18) expressed the rate of 
hydrolysis of cotton fibers by the change in "copper-number" and 
advanced the rate equation; 

Copper number = ct‘' 

where t is the time of hydrolysis, and c and n are constants. This rate 
equation, of rather an empirical nature, had only a limited validity 
and satisfied the eiqperimental results for the early stages of hydro¬ 
lysis. Yorston (19), on measuring the loss in weight with time for 
acid hydrolysis, arrived at the same rate e^qpression, viz; 

X = ct” 

Where X is the percentage loss at the timet, andcand m are constants. 
The validity of this relation was also somewhat limited. Nickerson (1), 
and Conrad and Scroggie (5), using the method based on the evolution 
of carbon dioxide by the action of hydrochloric acid in the presence of 
ferric chloride, interpreted the hydrolysis-time plots as a superposi¬ 
tion of a kinetically zero-order reaction upon a fast reaction. Lovell 
andGoldschmid (7), applying the method of measuring the loss in weight 
on subjecting cellulose samples to the action of hydrochloric acid plus 
ferric chloride, Interpreted their results in a similar manner. 

Philipp, Nelson, and Ziifle (20) and Nelson and Conrad (21) fol¬ 
lowed the loss in weight of cellulose fibers subjected to the action of 
6N, 4N and 2.5N hydrochloric acid solutions at 95°C. and lOO^C. By 
introducing a correction for humic substances formed under their ex¬ 
perimental conditions, they formulated the hydrolysis of both crys¬ 
talline and amorphous cellulose as concurrent first-order reactions. 
They derived values for the energy of activation of the hydrolysis of 
crystalline cellulose rangingfrom 34.6to 35.0 kcal., and e]q>lain these 
relatively high values, when compared with lower values obtained by 
other authors, as being due to the different temperatures at which 
activation energies were determined. They did not compute the ac- 
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tivation energy for the hydrolysis of amorphous cellulose because the 
first-order rate constants were not reliable enough for such com¬ 
putation. These avithors maintain that neither acid concentration nor 
temperature has any effect on the amount of crystalline and amorphous 
cellulose as determined by their hydrolysis method. 

EXPERIMENTAL 

The method adopted for expressing the rate of removal of con¬ 
stituents from, and the reactivity of, cellulose fibers consisted of 
measuring directly the loss in weight on treating an amount of fiber, 
corresponding to 1 g. moisture free, with 150 ml. of 8% hydrochloric 
acid solution at different temperatures for different periods of time. 
The sample was placed in an Erlenmeyer flask provided with a reflux 
air condenser and kept in a constant temperature oil bath. The 
acid solution was preheated to a temperature of 1-2 degrees high- 



Fig. 1. Hydrolysls-tlae curves of cellulose fibers. 
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er than the reaction temperature before being added to the fibers. No 
ferric chloride was used and the reaction mixture was not stirred. 
After apredeterminedperiod of time the reaction mixture was filtered 
rapidly through a sintered glass crucible, the insoluble residue wash¬ 
ed with hot water, and dried to a constant weight at lOS^C. 

The various cellulose samples used are described below, as 
follows; 

1. Bleached cotton linters (commercial grade). 

2. Acetate grade wood pulp (from Rayonier Corp., U.S.A.). 

3. Viscose grade wood pulp (Scandinavian origin). 

4. Hydrocellulose ’’A” (preparedfrom cotton linters by heating 
with 8% hydrochloric acid solution, filtering, washing, and 
drying in air). 

5. Hydrocellulose "B*’ (prepared similarly to "A” but under 
milder conditions of hydrolysis). 

INTERPRETATION OF DATA 

The hydrolysis rates are illustrated in Figure 1, where the per 
cent loss in weight values are plotted against time (in hours) or hy¬ 
drolysis of the fibrous celluloses. Figure 2 illustrates the rate of 
loss in weight of the hydrocellulose samples. 

The rate plots have been resolved in accordance with the idea 
set forth above, i.e., extrapolating their straight parts to the ordinate 
and drawing a straight line through the origin with the same gradient. 

That the resolving of the rate plots in this manner is justified 
is borne out by the results of hydrolyses of the hydrocellulose sam¬ 
ples, since these rate plots are reasonably straight lines for almost 




Fig. 2. Hydrolysis-time curves of hydrocelluloses. 
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the entire range (Fig. 2). Accordingly, the rate determining step in 
the reaction with the difficultly accessible components in the fibrous 
cellulose samples may be considered, within the e;q)erimental range 
investigated, as akinetically zero-order reaction. The rate constant, 
which is the gradient of the straight part of the rate plots, correspond¬ 
ing to the eiqperiments conducted at different temperatures is denoted 
by Kj. The rate of loss in weight (hydrolysis) of the difficultly acces¬ 
sible fraction of the fibers under the experimental conditions is: 



Ki 


where Xj is the percentage difficultly accessible portion removed and 
t the time of hydrolysis. 

The intercepts with the ordinate would represent the percentage 
of easily accessible components in the fibers, and the difference from a 
hundred the percentage difficultly accessible fraction. These values 
and the gradient of the straight part of the rate plots (rate constants 
Kj) are listed in Table I. In a separate column the ratio of these rate 
constants for 10°C. temperature difference is also shown, and in Fig¬ 
ure 3. the logg Ki values are plotted against 1/T. 

TABLE I. Accessibilities and Bate Constants for Bemoval of 

Difficultly Accossible Components of Cellulose Fibers 
and Influence of Temperature 




Easily 






access¬ 

Difficultly 


Ratio of 


Temperature 

ible 

accessible 


Ki values 

Cellulos::e 

of hydroly¬ 

compon¬ 

c omponent s; 


for 

Fiber 

sis; °C. 

ents; ^ 

$ 

Ki 

10" C. 

Cotton linters 

100 

6.8 

95.2 

0.59 

2.95 


90 

5.7 

91*.5 

0.20 

2.98 


80 

l+.T 

95.5 

0.067 


Acetate grade 

100 

8.5 

91.5 

1.15 


pulp 

8o 

5.0 

95.0 

O.ll^ 

2.97 

Viscose grade 
pulp 

100 

15.0 

87.0 

0.9^^ 

2.85 


90 

10.1 

89.9 

0.55 

5.00 


80 

8.6 

91. 

0.11 



Reaction with Difficultly Accessible Fraction and Its Reactivity 

It will be observed that under the e;q>erimental conditions ap¬ 
plied the rate of removal of the difficultly accessible portion of the 
cellulose fibers investigated has a relatively high temperature coef¬ 
ficient. The energy of activation computed by means of Arrhenius’ 
formula amounts to 28-29 kcal./mol.Thus, the energy of activation of the 
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rate-controUing reaction Involved in the removal of the difficultly ac¬ 
cessible portion is relatively high, and it may represent the energy 
of activation of the hydrolysis of cellulose. 

The rate constants (KJ of this reaction with the various rep¬ 
resentative celluloses at the same temperatures are different and 
hence the reactivity of the difficultly accessible components appears 
to be different in various fibers. Within the investigated range the 
temperature coefficient for 10°C. is, however, practically the same, 
irrespective of the nature of the fibrous samples. These were rela¬ 
tively pure cellulose fibers, although the wood pulps contained small 
quantities of pentosan materials. 



Fig. 3. Effect of temperature on rate constant of 
reaction with crystalline cellulose. 

In comparingthe rate constants (KJ of the reaction with the dif¬ 
ficultly accessible fraction of the samples, it appears that cotton lin- 
ters contain the most unreactive or difficultly accessible components 
when compared with the wood pulps. 

Reaction with Easily Accessible Fraction and Its 
Reactivity 

The percentage (tf reactive components estimated varies greatly 
with the nature of the fibers, presumably depending on the fine struc¬ 
ture of the parent fibers (plants), and on the processing conditions in 
making the pulps. As referred to above, in accordance with the con¬ 
tention of Purves and of Mark, the magnitudes of the easily and dif¬ 
ficultly accessible areas assessed depend on the experimental con¬ 
ditions applied. For the same test sample the easily and difficultly 
accessible portions estimated are different for different temperatures. 
These findings seem to be in harmony with the conception that fibrous 
celluloses consist of a system of uneven surfaces with different ac¬ 
cessibilities and without sharp boundaries (4, 11-14). 

As mentioned in the introductory part of this paper Philipp, 
Nelson, and Ziifle (20) maintain that neither temperature nor acid 
concentration has any effect on the amount of crystalline and amor¬ 
phous cellulose as determinedby their method and that the differences 
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are within the experimental error. While these authors varied the 
acid concentration between 2. SN to 6N, the temperatures ^plied were 
95'*C. and lOQ-C. 

The easily accessible fraction of the cotton linters sample as¬ 
sessed by the method implied in the present workwas the lowest when 
compared with the wood pulps. It may be mentioned that cotton lin¬ 
ters usually are practically free of pentosans, while the wood pulps 
used contained such constituents. The greater part of the pentosans 
present in fibrous celluloses may be assumed to be amorphous or 
easily hydrolyzable (22). 

In characterizlt^ the reactivity of the easily accessible areas 
of fibrous celluloses, consideration should be given to the thought that 
their relative amounts may not be the most significant factor. If, in 
cellulose fibers, cross linkages are operative between adjacent chains 
or foreign groups are present within the cellulose molecides, then de¬ 
pending on the nature and distribution of these "irregularities" their 
reactivity may be significantly affected. The possibility of the pres¬ 
ence of primary valence cross-linkages and of foreign groupings 
caimot be excluded from consideration (23,24). It may be of interest 
to mention that according to recent studies one weak link or "defect" 
is believed to be present in the cellulose chain molecules for every 
500 glucose units (25,26,27), while another postulate is that one cross 
link of primary valence character is operative between the cellulose 
chains at distances corresponding to 548 glucose units (24). Thus it 
appears that the statement made in 1938 by Spurlin (28) is still valid; 
"The fiber structure is the most important as well as the least un¬ 
derstood factor determining the nature of cellulose reactions," 

The rate and molecular mechanism of the hydrolysis of the re¬ 
active or easily accessible components of cellulose fibers is rather 
complex in nature. Diffusion and adsorption phenomena seem to play 
an important role. In order to illustrate this, it may be mentioned 
that in evaluating the energy of activation for the removal of easily 
accessible components by the customary method, i.e., applying the 
time values corresponding to the same fraction of removal at differ¬ 
ent temperatures, irregular values for the energy of activation have 
been obtained. Taylor (29) recently suggested that adsorption on un¬ 
even surfaces may occur in such a manner that at a certain tempera¬ 
ture one area is sensibly covered by adsorbed molecules while an¬ 
other area is practically bare, whereas at a different temperature 
other conditions may exist. The adsorbent (fibrous cellulose) thus 
maypossesstwo (or more) distinct adsorbent areas characterized by 
two (or more) distinct activation energies. It may also be mentioned 
that by applying kinetic formulations for "retarded reactions" or 
"activateddiffusion" (30) reasonably good ^proximations of the rate 
of removal of the easily accessible fractions may be offered, but fur¬ 
ther work is needed for the final mathematical formulation of the ki¬ 
netics of this reaction. 


Summary 

1, On measuring the rate of loss in weight by hydrolyzing cel¬ 
lulose fibers and resolving the rate plots, the difficultly and easily 
accessible regions assessed are different with the same fibers, de¬ 
pending on the e]q)erlmental conditions. 
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2. Under the eiQ)erimental conditions applied, the rate of loss 
in weight by hydrolyzing hydrocelluloses is essentially a klnetically 
zero-order reaction, siq)portingthejustificationforresolvingthe rate 
plots for the hydrolysis of fibrous cellulose into a slow klnetically 
zero-order reaction and a fast reaction. 

3. Withinthe experimental range investigated, the rate constant 
of the rate-controlling step in the hydrolysis of the difficultly acces¬ 
sible fraction of cellulose fibers with 8% hydrochloric acid solution 
has a relatively high temperature coefficient; 2.8-3for a rise of 10°C. 
temperature. 

4. The energy of activation of the rate-determining process with 
the difficultly accessible components of the representative cellulose 
fibers amounts to 28-29 kcal/mol. 

5. Both the rate constant of the reaction with the difficultly ac¬ 
cessible region and the relative proportions of difficultly and easily 
accessiblefractions assessedby the kinetic method used may be use¬ 
ful for comparing the reactivity of different cellulose fibers. 

6. By a successful formulation of the kinetics of hydrolysis of 
the reactive or easily removable components, the reactivity may be 
more adequately characterized. 
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Synopsis 

By applying hydrochloric acid solution at different temperatures 
to various fibrous cellulose samples and following the per cent loss 
in weight with time, hydrolysis-time curves have been obtained. These 
plots have been resolved into a straight line and a curve, representing 
the rate of removal of difficultly and easily removable components, 
respectively. Under the experimental conditions applied, the rate¬ 
determining reaction in the removal of the difficultly accessible com¬ 
ponents from the fibers is essentially a kinetically zero-order reac¬ 
tion. Thiswasborneoutby the results of hydrolyses of hydrocellulose 
preparations. Within the ejqjerimental range the temperature coef¬ 
ficient of this rate is independent of the representative fibrous ma¬ 
terials and is relatively high, corresponding to an energy of activation 
of 28-29 kcal./mol. The easily and difficultly accessible regions, 
assessed by resolving the rate plots, are different with the same 
fibers, depending on the experimental conditions. The reactivity of 
both the easily and difficultly hydrolyzable constituents varies with 
different cellulose fibers. The complex nature of the kinetics of 
removal (hydrolysis) of the easily accessible components is discussed. 


Resume 

Par traitement, a differentes temperatures, de differentes 
fibres cellulosiquespar une solution d’acide chlorhydrique et en sui- 
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vant la perte en poids en fonction du temps, on obtient des courbes 
hydrolyse>temps. Ces courbes sont la resultante d’une llgne droite et 
d'une courbe, correspondant respectivement a la vitesse de deplace- 
ment des composants difficilement hydrolysables et a la vitesse de 
deplacement des composants facilement hydrolysis. Dans les con¬ 
ditions ei^erimentales indiquees, la reaction, qui determine la vitesse 
de 'deplacement des composants difficilement accessibles, est es- 
sentiellement une riaction d'un ordre cinetique zero. Ceci resulte 
d'eiqiiriences d'hydrolyse de preparations d'hydrocellulose. Le 
coefficient thermique de la vitesse de reaction, dans les limites de 
temperatures envisagies, est independant du materiel fibreux ex¬ 
amine, et est relativement ileve; il correspond a une inergie d'ac- 
tivation de 28-29 kcal./mol. Les regions facilement et difficilement 
accessibles, determinies au depart des courbes d’hydrolyse, sont 
elles-m^mes diffirentes pour une mime fibre, suivant les conditions 
experimentales. Lareactivite, aussibien des constituents facilement 
hydrolysables que des constituants difficilement hydrolysables, varie 
pour des fibres cellulosiques differentes. La nature complexe de la 
cinetique del'hydrolyse des constituants, facilement accessibles, est 
soumise i discussion. 


Zusammenfassung 

Verschiedene Proben von Celiuiosefasern wurden mit Salzsaeure 
bei verschiedene n Temperaturen versetzt und der Gewichtsverlust 
verfolgt; die Resultate wurdendannals Hydrolyse-Zelt Kurven darge- 
stellt. Die Linien wurden in Gerade und Kurven zerlegt, die als ein 
Mass der leicht und schwer zu entfernenden Komponenten gedeutet 
wurden. Bei dem angewandten experimentalen Verfahren ist die 
Reaktion die die Geschwindigkeit der schwer von den Fasern zu ent¬ 
fernenden Bestandteile bestimmt, kinetisch eine Null-Ordnung Rea¬ 
ktion. Das wurde auch vom Ergebniss der Hydrolysen an Hydrocel- 
lulose-Preparaten unterstuetzt. Im Rahmen der experimentalen 
Temperaturen war der Temper aturJCoefficient dieser Geschwindigkeit 
imabhaengig von den representierenden Faserstoffen und war relativ 
hoch, einer Aktionsenergie von 28-29 Kcal./mol. entsprechend. Die 
leicht und die schwer zu erreichenden Bestandteile, die durch die 
Analyse der Geschwindigkeits-Kurvengeschaetzt wurden, sind bei den 
selben Fasern verschieden, abhaengig vom experimentalen Verfahren. 
Die Reaktivitaet von sowohl den leicht also auch den schwer hydro- 
lysierbarenBestandteilen ist bei verschiedenen Fasern verschieden. 
Die Komplexitaet der Kinetik der Abspaltung leicht erreichbarer 
Bestandteile (Hydrolyse) wird eroertert. 
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Copolymerization Systems 
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THE FUNDAMENTAL EQUATIONS 

In Part I a generalized reaction scheme has been proposed and 
the functions relating the rate of copolymerization to the several 
measurable quantities of the system worked out. The symbols em¬ 
ployed below have already been defined (1) and are mostly self-ex¬ 
planatory by the use of the appropriate subscripts. It is convenient 
for mathematical manipulation to let: 

kp (Pj.) = Xj and kp (Q^) = (1) 

^bb 

In the practically important case of mutual termination, the 
velocity coefficients are again assumed as the product of individual 
constants applying to each participating chain type, and the kinetic 
consequences considered according to the simplifying assumption 
(Eq. 2) and the more general assumption (Eq. 3). 



.kt 


“rs 


ab 


‘^ab 


"ab 


(3) 


The fundamental series of difference equations and the con¬ 
sequent rate equations given in Part I are rearranged into the follow¬ 
ing more suitable forms and classified according to the mode of 
termination. 


Monomer Termination: 


£2il = 0 = 

(It 


aa 


[Pr-il [A] + [a] f*] 

- kp^^[Pr][Bj - lCt^^[Pr3[A] - 


That is: 


‘r-l 


■Vr-l 


'r [» + 


[B] 

(5 [A] 




[B] 

o[A]' 


’'ab 


(4a) 
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Similarly: 

Also: 


1 r [A] , [A] , ^ 

Vr-l " a-*r-l * Mr (l *^ ‘"‘i 




dt 


[A] [Xj.xr + -V-yr } 


(4b) 


(5) 


Spontaneous Termination: 
dlPf] 


That is: 


0 " Kp^^[Pr_i][A] * kp^^jQr-lHA] - Kp^^[Pr] [A] 
- I'p^ptPrltB] - ktJPr] 

[B] . Xg 


'r-1 * u-Vr-l * *r 11 * TF:? " 


I o[A] [A] ) 


and: 


d[Ar3 _ 




Mutual Termination by Equation 2: 


dt 


( 0 ) 

(7) 


^ ^ ^Pb, tA] - Kp^JP^JlA] 


aa 


- ‘‘Pab " “ta [Q^j) 


That is: 


For disproportionation: 

^ - 6a-*r (xa * h] 

and for combination: 


(9) 




2 + 26g6bVxs.yr-s ^ 6^ % Ys-yr-s) 

Mutual Termination by Equation 3: 

"J!rl . 0 = kp^^[Pr_i](A] ^ kp^jQj_i]U] - kp^_^[Pr][A] - 


(10) 


dt 




That is: 
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where: 

D* 6|o®tAj^ + ap6a.6^.no[A][B] + by reference (1), Table H. (12) 

For disproportionation: 


d[Pr] 

dt 


6a 


6^0 [A] 
*r- 


(p6b-l^[B3 

DH 



% 


and for combination: 


dt 2 [ ^ 


z, X 
S=1 


2(p6a6bVx 


s'^r-s * ^ 


bjjvs- 




(13) 


(14) 


MOLECULAR WEIGHT DISTRIBUTION FUNCTIONS 


In order to obtain the molecular weight distribution functions: 



the customary procedure is to derive the rate functions d [Af] /dt 
and d [A] /dt, and to integrate the differential equation; 


<l[Ar]/d[A] 


(l[Ar]/dt 

d[A]/dt 


It is apparent from equations 5,7,9,10,13, and 14, that the expression 
ford [Ar] /dtisatonceobtainedwhenthevaluesof Xj-andyi-are found. 


Solution of Xj. and y^. 


For all termination mechanisms, the equations 4, 6, 8, and 11 
relating Xf, Xj..!, yr, Yr-l^ written: 

ki.xr_i + kj-Yr-i * kj.Xr 
k4.Xr_i + = kg-Yr 

where kj = 1, k^, = l//t , k^ = 1/o" , kg = 1 in all cases, and k, = 1 
+ mj +n,, and kg = 1 + m^ + n^. For all cases, m, = [B] /o’[A] ; 

= [A] / h - B • 


The values of and depend on the mode of termination, 
being respectively for monomer, spontaneous, and mutual termination 


In the case of n^: 

Monomer Termination: 

Spontaneous Termination: 

Mutual Termination by equation 2: 
Mutual Termination by equation 3: 


Xa +- 

y[A] 

6a ^b| *^1^] 
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Since the rate of termination is much less than the rate of propagation, 
n^ and n, are <C1, while m^ and m, are comparable with unity. In 
simplifying the algebra below, the fact that; 

and n 2 << ntj and *2 
is essential. We also have that; 

The series of equations represented by 15 are of the class 
known as difference equations, for the solution of which exist standard 
mathematical techniques. 

Obtaining Xj., and Xj-.j in terms of yj..!, yr, and yr^j from 
equation 15b and substituting in equation 15a, an equation wholly in 
the variable given; 

a-Vr+l " '’•Vr + c-Vr-l * " ( 16 ) 

where; 

a ■ kg.kg. b • kj.kg + kj-kg, c = kj.kg - k 2 .k 4 

In solving difference equations, a likely solution is tried and a 
general solution obtained by a process closely similar to that for 
differential equations. Equations 16 are treated by letting the solution 
be; _ - , 

Vr ' z . Vr-i “ z*-"^ etc. 


Substituting in equation 16, 

a.z^^l + b.z^ + c.z*^~l * 0 (17) 

The reason for such a change of variable is now ^parent, for all 
of the series 16 reduce to the same quadratic, 

a.z^ + b.z + c * 0. (18) 

for which the roots are; 


and; 


_ -b + (b^ - 4ac)*( 
2a 


-b - (b^ - 4ac))( 
2a 


(19) 


The general solution of equation 16 is then; 


Yr ’ <iz\ + Pzj (20) 

where « and $ are constants derivedf rom the first and second members 
of the series. Substituting in equation 19 the values of the constants 
a,b, c and usingthe relationship m^.mj = k 2 .k 4 , z is obtained in terms 
of m^, m,, n^, nj. Reducing the cumbersome solutions of equation IS 
by neglecting terms in nj and n, greater than of first order, weflnally 
obtain; 


-1 


1 _ " 1 O 2 ”2**! 

“l ®2 


*,+ 1119 + 2*^02 


and 


‘2 


1 ~ 


( 21 ) 


(1 + ■!)(! + ^2) 

Valuesofec and jSarefoundfrom equation 20 where r & landr = 2 to be; 


Hyi - y2 

Zi(Z2 - zp 


. ^ivi - y2 

* 2(^1 “ ^ 2 ) 


and 3 


( 22 ) 
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Provided that at least one of and m, is i 4 )preciably difierent 

from zero, as in all practical cases, Zg will be appreciably different 
from unity, whereas z^ will be very nearly equal to \mity. Hence 
when r is large, equation 20 becomes: 


Vr 


fe-vi - y2) 

Z2 - *1 


r-1 


(23) 


The value of yr is finally obtained in terms of the original sym¬ 
bols, A, B, <r , fL, \ or h , by insertion of the values of yj y^ in equation 
23 from equations 1, 3, 6, etc. and of z,, Zj from equation 21, to give 
23 in the form: 


k 


Pr 


bb 


[Qrl 


U[B] (Xa -^Xh) __ 

o[A]^ + 2(A] [B] + ,i[B]2' 


(24) 


C _ a{A]^n, t 
I o[A]^ + 2 [a][BJ + 


Since Zj almost equals unity, equation 24 can be converted into the 
exponential form: 


k 


tbb 


[Qrl 


m[B] {Xa ^ Xb) __ 

0[A]^ 2[A][B] + 


exp. 


oUJ^.n, ♦ 

^ ''•a(A]2 + 2[A][B] + utB]2 


(25) 


Similarly : 


k 


tPrJ 


o[A] (X, 4 Xh) 


a[A]2 + 2[A] [B] + h[B]2 

. .. o[A]?n, 

exp. -(r~l).—- ^ ^ 


a[A]- 


^ \iWh 2 _ 

2[A][B] + ^[B]2 


(26) 


As a cross-check on equation 25, from it we obtain: 


oc 



ab 


[Pr] = I/O / k 




^aa 


[PrJ 


q[A] [x. ^ xj 

o[A]?nj + ti[B]?n2 


(27) 


By inserting the appropriate n^ and n^, it is readily shown that equation 
26 gives identically the expressions previously derived for these 
summations (reference (1), Table II). 

Substituting equations 25 and 26 in 5, 7, 9, 10, 23, and 14 and 
dividing by the rate equation d [A] /dt and d [B] /dt given in Part I, 
we can in principle integrate the resultant cumbersome functions for 
the weight distribution at any stage in reaction. It is not possible to 
integrate these equations explicitly, as in certain cases for the one- 
component system. However, they can be integrated numerically in any 
particular case to give the molecular weight distribution during the 
reaction. 
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The time-distribution functions are of two classes; for monomer 
and spontaneous termination and disproportionation: 

- S.c*V(r-l) . T.e-V(r-l) (28) 

(Jt » dt 

and for combination: 


dtMj] 

dt 


(S + T)(r - 2).e*'^<r“2) 


( 28 ) 


As described by Herington and Robertson (2)forthe single mono¬ 
mer polymerization systems, the number-average distribution curves 
for the first class decrease continuously with increasing chain length, 
but for combination the term including r before the exponential gives 
a maximum in the distribution curve. The distribution curves are 
of similar shape to those Illustrated by these authors. 


WEIGHT AND NUMBER-AVERAGE CHAIN LENGTH 


By definition: 


|r{[Arl + [Pr]} 

Number-Average Chain Length - - and 

|r”{[Ar] * [Br]} 

Weight-Average Chain Length - 

2r {[ArJ + [Br]} 

Since V ^1, from equation 28 and 29: 

» 1/V, Zr.e*'''^ = l/V^, fr^.e*''^ • 2/V® (31) 

1 1 1 


From equations 30 and 31. we have instantaneously for class one: 

Weight-average chain length 2 ^ 3 ^^ 

Number-average chain length 1 

and instantaneously for combination; 

Weight-average chain length 3 ^ 33 ) 

Number-average chain length 2 

These ratios are the same as for the single monomer polymeri¬ 
zations. It is to be noted that here also, although the instantaneous 
ratios are always these Integral constants, the over-all chain length 
from the time origin to the time when the reaction is stopped need 
not be 2/1 and 3/2, respectively. An exact analysis of the variation of 
these ratios with extent of reaction will here also provide a good test 
for the mechanism. 


Number-Average Chain Length 
The instantaneous chain length equals: 
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Rate of consuBpilon ot wonoiiier 
Rate of Initiation 


-d {[A] ^ [B]} /dt 
Xa * Xb 


(34) 


for class 1. 
and: 

2. -d {[A] t [fl]] /dt 
Xa + Xb 


for combination. Using equation 34, the expressions for the different 
modes of initiation and termination are obtained by sidostitution of the 
rate expressions given in Part I, Table m. 

The over-all number averages are respectively for class 
1 and combination ; 

[Ao] + [Bo] - [A] - [B] _ 2 {[Ao] + [bJ - [A] - [B]} 

-^-- and - jr- --- (33) 

/Ih * Xb) dt J {Xj + XbJ dt 


Weight-Average Chain Le ngth 

Results 35 can also be obtained from the foregoing general 
theory by equations 28 and 29, being another cross-check on the 
mathematical analysis. The method from the general theory is, 
however, of greater importance in furnishing an equally simple 
expression for the over-all weight average. This is also very useful 
in the case of single monomer polymerization, for up to the present 
there is no way of obtaining the over-all weight average except by 
summing to infinity the expressions involving the usually complex 
chain distribuiton function. The same result has been obtained from 
general principles and can be used to give directly the over-all 
weight average chain lengths in cases where intractable mathematics 
is encountered in the laborious calculations from the distribution 
function. 

For class 1, from equation 28: 

d {[AJ ^ [Bf]} ^ ^ T)e-V(r-l) 

dt 

where V 1, 

Hence: 

? {[Arl + [Bf]) ' * T)/V.dt 


ir {[Ar] + [Br])- (S + T)/V^.dt 
2 


Similarly: 
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and: 


(Url + [B,]} -/2(S 


These integrals cannot be evaluated e:q)licitly. There are, however, 
yelationships between S,T, and V, and the rate equations which can 
be used to transform these integrals: 


viz.: 

and: 


i/v 


(S + T) ' (Xj + Xb).V 
-d l[A] + [B]} /dt 


X« + Xk 


''a ’ 

Thus, the over-all number-average chain length equals: 


/(S + T)/V^.dt 
y(S + T)/V.dt 

[Ao] + tBo] - [A] - [B] 


J{h * h} 


dt 


which is equation 35, 

Similarly, the over-all weight average chain length equals; 

2/(8 * D/V^.dt 
/(S + T)/v2.dt 

2/1/ (h * Xb) " [B])/dt) 2 .dt 

[Ao] + [Bo] - [A] - [B] 

For class two (combination), similarly the over-all weight-average 
chain length equals; 

3 /1/ {h * h) {‘»(tA] ^ [B]/dt} 2.dt (37) 

[Ao] + [Bo] - [A] - [B] 

Thus, if initiation is known, say from inhibition ejqjeriments, 
the over-all weight-average chain length can be evaluated simply by 
numerical methods if the A - B - t curves are determined. 
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Synopsis 

An extension of the kinetic analysis of the generalized reaction 
mechanism for copolymerization given in Part I has been carried out 
to obtain the fimctions for molecular weight distribution and number- 
and weight-average molecular weights. 


Resume 

L'analyse cinetiquedumecanismede reaction durant la copoly¬ 
merisation, tel qu'il a ete indiqu§ dans lapremi^repartie, a ete ^tendue 
afin d'obtenir les fonctions de repartition des poids moleculaires, ainsi 
que les poids mollculaires moyens, en nombre et en poids. 


Zusammenfassung 

Die kinetische Analyse des verallgemeinten Reaktionsmech- 
anismus, dieimerstenTeil gegeben wurde, wird ausgedehnt, um eine 
Funktion fuer die Molekulargewichtsverteilung sowie die Zahlen-und 
Gewichtsdurchschnitte des Molekulargewichtes zu erhalten. 
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LETTER TO THE EDITORS 


STABILITY OF CHLORINE-CONTAINING COPOLYMERS 

Two years ago we had occasion to prepare several batches of 
copolymers of vinyl acetate/trans-dichloroethylene and vinyl acetate/ 
trichloroethylene. The compositions chosen were near the "cross¬ 
over" points estimated from the data of Alfrey and Greenberg (1) 
(75mole%vinyl acetate, 25mole % trans-dichloroethylene; 75 mole % 
vinyl acetate, 25 mole % trichloroethylene). 

We have observed an interesting phenomenon relating to the 
stabilities of these copolymers. After standing for 2 years in closed 
amber bottles, the vinyl acetate/trichloroethylene copolymers were 
found to be odorless white powders, apparently unchanged. The vinyl 
acetate/trans-dichloroethylene copolymers, stored under identical 
conditions, had decomposed to form dark red tars, smelling strongly 
of acetic acid. 
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1. INTRODUCTION 

The method of pyrolytic fractionation of polymers, in conjunction 
with mass spectrometer analysis of the more volatile fractions, has 
been described previously in the case of polystyrene (1). Briefly, this 
method consists in heating a 25 to 50 mg. sample of a polymer, spread 
as a thin film on a platinum tray, in a high vacuum at 300 to 500°C. 
The products of pyrolysis are: (sl) a solid residue, (b) a waxlike 
fraction, volatile at the temperature of pyrolysis, but not volatile at 
room temperature, (c)a liquid fraction, volatile at room temperature 
and (d) a gaseous fraction, volatile at the temperature of liquid air or 
liquid nitrogen. The liquid and gaseous fractions are analyzed in the 
mass spectrometer, while the waxlike fraction is testedfor its average 
molecular weight by a micro freezing point-lowering method. Pyrolytic 
fractionation has now been extended to the study of other hydrocarbon 
polymers covering polyisobutene (Vistanex), polyisopren^ polybuta¬ 
diene, polyethylene and a copolymer, GR-S consisting of 75% butadiene 
and 25% styrene. 

The mass spectrometer is a relatively new analytical tool and 
requires apreliminary investigation of mass spectra of all individual 
pure compounds in a mixture before it can be used with due calibration 
to analyze such a mixture. This imposes certain limitations on the 
study of polymers by way of mass spectrometric analysis of decompo¬ 
sition products of pyrolysis. The above polymers and copolymer 
were selected for this investigation with these limitations in view. 
However, mass spectral data are being accumulated at the present 
time in various laboratories and are being compiled by the National 
Bureau of Standards (2). These data are gradually broadening the 
scope of analysis in two directions, to include a greater number and 
variety of compounds and to extend the mass range so that compounds 
of higher molecular weight could be analyzed. It will, therefore, be 
possible in the future to apply the method of pyrolytic fractionation 
to polymers and copolymers of a more complicated structure and 
containing, in addition to carbon and hydrogen, also oxygen, nitrogen, 
sulfur, chlorine and other elements. 

One object of this investigation was to find a relationship between 
the structural formulae of polymers and their refractoriness under 
the influence of heat. This in turn could serve as a clue to the chemical 
and physical properties of the polymers. To take a specific example, 
the effect of double bonds and their frequency in the macromolecular 
chain, also the size, frequency and distribution of side chains, on the 
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number and size of fragments obtained in the pyrolysis, is one of the 
problems investigated here. Another object was to broaden the 
application of mass spectrometry to the identification and analysis of 
polymers in general. At the present stage of development, the mass 
spectrometer can be used to analyze masses a little over 100. It so 
happens that the most significant part in the mass spectrum of the 
volatile products of pyrolysis lies in this mass range, also that this 
part of the spectrum is characteristic of any given polymer so far 
studied. This leads to the possibility of using mass spectrometric 
analysis in conjunction with pyrolytic fractionation as a general method 
to identify polymers and to determine the extent of their purity. 

With the extension of the range of mass spectrometric analysis 
tolarger masses than 100, it will be possible to study the larger frag¬ 
ments obtained in the pyrolysis of polymers. This additional infor¬ 
mation will lead to a better understanding of the structure and to a 
greater refinement of the analysis of high-polymer substances. 

n. REVIEW OF LITERATURE 

Most of the work on pyrolysis of high polymers was done in the 
past on natural rubbers. Holland and Orr (3) carried out pyrolysis of 
rubber in a vacuum at 220-270°. Staudinger and co-workers (4,5) 
employed temperatures of 300-400° and a pressure of 0.1-0.3 in one 
case and 1 atmosphere in another. Midgley and Henne (6) and Bassett 
and Williams (7) used temperatures of 600-700° and atmospheric 
pressure. In all this work the products of pyrolysis contained con¬ 
siderable amounts of isoprene and dipentene. As to pyrolysis of 
synthetic polymers, Seymour (8), employing temperatures of 150° to 
500° and pressures of 0.5 mm.and 1 atmosphere, found that the order 
of thermal stability in the case of 3 polymers was; polyethylene > poly¬ 
styrene > poly isobutene. Recently, Wall (9)pyrolyzedat400°inavacu- 
um 1-mg. samples of rubber, polyethylene, poly isobutene, polystyrene, 
polyisoprene and other polymers and analyzed the products of pyroly¬ 
sis in a mass spectrometer. 

in. APPARATUS AND EXPERIMENTAL PROCEDURE 

The same apparatus and experimental procedure as were used 
intheworkonpolystyrene, were used also in this work, but with some 
slight modifications. The modified apparatus is shown in Figure 1. 
It differs from the previous apparatus in that the large tapered ground 
joint between the pyrolysis still and the condenser has been replaced 
by a horizontal flanged joint. The upper flange of this joint is con¬ 
nected to an outer jacket around the condenser instead of directly to 
the condenser. This was done to avoid excessive cooling of the joint 
by the liquid nitrogen in the condenser. The thermocouple wires, 
instead of passing through the joint, pass this time through tubes 
attachedtothe side arm leading to the evacuating system. In this way 
ordinary vacuum grease could be used in the ground joint instead of 
hard wax which had to be melted with a flame. Another modification 
consisted in changing the distance between the pyrolysis tray and the 
condenser from 1.7 to 1.2 cm. In this way it was possible to collect 
more of the condensate on the liquid nitrogen condenser and less on 
the inner wall of the pyrolysis still. 
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Modification of the e3q)erimental procedure involved some 
changes in the fractionation and designation of the fractions. The 
nonvolatilized residue was collected and designated as fraction I as 
inthe case of polystyrene pyrolysis. The waxlike fraction, volatile at 
the temperature of pyrolysis but not volatile at room temperature, was 
deposited as previously in two parts, a larger part on the liquid 
nitrogen-cooled condenser and a smaller part on the inner wall of the 
apparatus. The larger part was collected from the condenser and its 
weight determined directly while the weight of the smaller part was 
calculatedby subtracting the sum of the other Volatile fractions from 
the weight of the total pyrolyzed part. On thf' average, in all the 
experiments reported in this p^er, that part of the waxlike fraction 
which collected on the condenser represented about 95% of the total 
waxlike fraction when the pyrolyzed part was only a few percent of the 
original sample; this dropped to about 74% when the pyrolyzed part 
reached 10% of the sample and stayed at this level all the way down to 
complete pyrolysis. The sum of the two parts of the waxlike fraction 
was designated as fraction H, without stating the amount of each part, 
as this was not deemed important. In case of the polystyrene work, 
the larger part of the waxlike fraction amounted, on the average, to 
64% of the total and was designated as fraction n, while the smaller 
part, which deposited on the wall of the apparatus amounted to 36% 
and was designated as fraction IV. 



Fig. 1. Modified pyrolysis apparatus. 


In collecting the liquid fraction IH, the same procedure was 
followed as previously, except that in the case of poly isobutene, 
polybutadiene, GR-S and polyethylene this fraction was divided into 
a more volatile fraction IIIA and a less volatile one niB, in order to 
facilitate mass spectrometer analysis. However, in the case of poly- 
isoprene mass spectrometer analysis could be carried out on fraction 
in in its entirety. 

The gaseous fraction was collected in the same manner as in the 
previous work but was designated as fraction IV instead of V. This 
fraction consisted mainly of CH^ mixed with some CO, COg and air. 





642 MADORSXY, STRAUS, THOMPSCm, AND WILLIAMSON 


Only fractions IHA (or m In the case of polyisoprene) andIV 
were analyzed Inthe mass spectrometer. Small amounts of air found 
in the gaseous fraction was most likely due to adsorption on the wall of 
the apparatus, the heater and the sample, or to its solution in the 
sample. Although most of this air was eliminated in the preliminary 
. heating stage, as described in the previous paper, some of it was freed 
at the higher tenQ>erature. Small amounts of CO, and CO found in 
fraction IV could have come from the reaction of the polymer with 
adsorbed or dissolved oxygen or with oxygen present as a part of the 
polymer. The smaller the extent of pyrolysis in any given experiment, 
the greater the proportion of the impurities in fraction IV and, In cases 
wherethe pyrolyzedpart was only afew percent of the original sample 
the gaseous fraction consisted almost entirely of CO,, CO and air. 

Some CO, was found in fractions m or niA in most of the 
experiments. Small amounts of solvents, such as benzene, ethanol, 
etc. also found their way into fraction m or niA of some of the experi¬ 
ments. These were undoubtedly due to adsorption. Here again the 
smaller the pyrolyzedpart the more conspicuous were the impurities. 
The results of mass spectrometer analysis shown in this paper are 
based on calculations from which the impurities found in fractions m, 
niA or rv were excluded. In case of fractions m and DDA the per¬ 
centages of impurities are shown below the tables of analysis. In 
case of fraction IV, these impurities are not shown. 

Fraction niB was not analyzed in the mass spectrometer because 
of the complexity of the spectrum and lack of spectra of the individual 
compounds it contained. No attempt was made to determine its average 
molecular weight by the micro freezing point-lowering method because 
this fraction was too small in the case of all polymers to make such a 
determination. Fraction n was analyzed for its average molecular 
weight by the micro freezing point-lowering method in cyclohexane, 
benzene or camphor. Some attempts were made to apply this method 
to the determination of the average molecular weight of the residue 
(fraction I), but the temperature drop was only a few tenths of a degree 
and the results were considered unreliable. 

The micro freezing point-lowering method consisted in deter¬ 
mining the aversige temperature between beginning of melting and 
collapse of the column of solidified solution contained in a sealed 
capillary tube. This method was tested on pure substances with the 
following results (the 3 figures following each compound in the order 
given stand for the molecular weight, as given by the empirical 
formulae, as determined by the micro method in benzene and as 
determinedby the same method in cyclohexane); Decane, 142, 141, 125; 
1-methyln^hthalene, 142, -, 125; Dodecane, 170, 174, 143; 2,2,4-Tri- 
methyl-3-isopropyl-3-pentanol, 172, - , 153; Glycerol tripropionate, 
260, - , 264; Dibutyl phthalate, 278, 268, 276; Glycerol tributyrate, 
302, -, 305;Butylphthalylbutyl glycolate, 336, - , 337. In the case of 
benzene as solvent, the results seem to be fairly close to the actual 
values. In the case of cyclohexane, the results are too low for some 
compounds for reasons that are not wholly apparent. Molecular weight 
of fraction n from polyethylene was determined in camphor by Rast's 
micro method (10). 

IV. PYROLYSIS OF POLYISOBUTENE (VISTANEX) 

The material used in these e]q>eriments was prepared by 
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dissolving commercial Vistanex in benzene and precipitating with 
methanol. This was repeated twice and the methanol removed by 
evacuation. A 2% solution of the purified polyisobutene in benzene 
was used in the pyrolysis experiments. Experimental conditions and 
results of pyrolysis and fractionation are shown in Table I. Fifteen 
e}q)eriments were carried out at temperatures varying between 
313° and 460°C. Weight of the sample varied from about 21 mg. to 
60 mg. and in one case it was 82.9 mg. The solution of the polymer 
was spread on a platinum tray with an evaporating surface of about 
12 sq. cm. The benzene was evaporated in a vacuum to a constant 
weight and a layer of the polymer 17-50 microns thick was thus 
obtained. After evacuation of the ^paratus and a preliminary heating, 
as described in the previous paper, the temperature was raised from 
about 135° to the temperature of pyrolysis during 40-50 minutes, 
depending on the final temperature, a higher temperature requiring a 
longer time. The same procedure was followed in the case of the 
other polymers. The Vistanex as well as the other polymers formed 
in the tray a uniform layer with a glossy surface and it was difficult 
to observe at what temperature the polymer melted. Duration of 
pyrolysis at the maximum temperature was 30 minutes in all eiqieri- 
ments with Vistanex. 

TABU! I. Pyrolytic Fractionation of Polyisobuten© (Vistanex) 


Expl. 
No. 

Wt. of 
sample, 
mg. 

Temp., 
®C. 

Dirra- 

tion, 

min. 

Fractions in vt. per 
cent of original sample 

Fraction 
III in 
per cent 
of total 
pyrolyzed 
part 


II 

Non-vol. 
at room 
temp. 

III 

Vol. 

at 

room 

temp. 

IV 

Gas¬ 

eous 

frac¬ 

tion 

1 

24.9 

515 

50 

97.2 

2.4 

0.4 

0 

14.2 

2 

22.5 

544 

50 

85.0 

11.3 

5.7 

trace 

55.5 

3 

56.7 

561 

50 

64.5 

25.5 

10.5 

0.07 

28.9 

k 

58.0 

362 

30 

65.2 

24.5 

10.4 

0.08 

29.9 

5 

45.4 

378 

50 

20.7 

52 .'4 

26.8 

0.12 

35.8 

6 

52.7 

401 

50 

0.2 

68.5 

51.1 

0.20 

31.2 

7 

82.9 

401 

30 

0.5 

79.5 

20.2 

0.22 i 

20.3 

8 

49.2 

401 

30 

0.1 

69.4 

50.3 

0.19" 

30.3 

9 

49.6 

402 

50 

o.k 

68.4 

31.0 

0.22 

51.1 

10 

48.9 

402 

50 

0.5 

70.8 

28.5 

0.23 

28.6 

11 

25.2 

407 

30 

0.4 

66.6 

52.8 

0.22 

32.9 

12 

55.2 

415 

30 

0.3 

68.9 

30.5 

0.25 

30.6 

13 

60.0 

418 

30 

0.1 

69.0 

50.7 

0.22 

30.7 

U 

20.9 

450 

30 

0.2 

64.7 

54.9 

0.22 

34.9 

15 

45.4 

460 

30 

0.0 

67.0 

32.8 

0.22 

32.8 


Average fraction III in per cent of total pyrolyzed part ^ 

for all experiments, except Nos. 1 and 7.31.^ ■ 0*^^ 


It can be seen from Table I that thermal decomposition, under 
the eiqperimental conditions employed, begins at 300° and is almost 
complete at 400°. At higher temperatures, decomposition was undoubt¬ 
edly complete before the 30 minutes were over. The purpose of 
employing temperatures above 400° was to see what effect a faster 
rate of decomposition will have on the nature and relative amounts of 
the fractions. In the last column of Table I the yield of the liquid 
fraction in is shown ih percent of total pyrolyzed part. In E^qpt. 1 the 
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liquid fraction weighed about 0.1 mg. Since the accuracy of weighing 
on the semi-micro balance was about 0.05 mg., the accuracy of weighing 
O.i mg. was very low. In Expt. 7 the original sample was too large, 
weighing 82.9 mg., and spattering from the tray during pyrolysis was 
observed. This spattering resulted in an increase in fraction n and 
decrease in fraction m. The yield of fraction m in all the other 
eiqperimentswas practically constant, the average being 31.5 * 0.8%. 

Mass spectrometer analysis of the gaseous fraction IV was made 
for Eiqpts. 4,6,8,10 and 12. The analysis showed the presence, in 
addition to CE^, of small amoimts of CO, H,, O, and traces of CO,. 
The yield of fractionlVin percent of the orij^nal sample was calculated 
for Expts. 4,6,8,10 and 12 on the basis of voliime, pressure and mass 
spectrometer analysis, after excluding all the gaseous constituents, 
except CH,. Yields of CH 4 for the other e]q[>eriments were interpolated 
from those determined experimentally. In percent of total pyrolyzed 
parttheyieldofCII(for Expts. 4,6,8,10, and 12 is practically constant, 
the average being 0.22. Since the yields of the liquid and gaseous 
fractions are both constant, the yield of the waxlike fraction, which is 
obtained by subtracting the sum of the other two fractions from 100 , 
is also constant and is equal on the average to 68.3% of the total 
pyrolyzed part. 

In attempting to analyze fraction m in the mass spectrometer, 
it was found that the heavier constituents, consisting of 8 or more 
carbons, interfered with the analysis of the lighter constituents. 
Accordingto a table compiled by Stull (11), the temperatures at which 
paraffins, monoolefins and diolefins have a vapor pressure of 1 mm., 
are: 1,3-pentadiene -71.8°, n-pentane -76.6°, 1-hexene -57.5°, n-hexane 
-53.9°, 2-heptene-35.8°, n-heptane-34.0°, 2-methyl-2-heptene -16.1° 
and n-octane -14°C. In view of this it would be possible to separate 
compounds consisting of 8 or more carbons at a temperature, near 
that of Dry Ice. This was accomplished in the following manner. 
Fraction III was first collected in a long sealed tube, 1.7 mm. inside 
diameter and 25-30 cm. long. By immersing one end of the tube in 
liquid nitrogen the fraction was concentrated at that end and the tube 
was bent in the center, by means of a flame, in the form of a U. The 
cold end was then removed from the liquid nitrogen and placed in a 
Dry Ice-acetone mixture at -75° and the other end immersed in liquid 
nitrogen. Distillation was continued for 3 minutes. In this way the 
less volatile compoimds remained in the end of the tube at -75° while 
the more volatile ones collected at the other end. The tube was then 
melted at the center and the two fractions separated, the heavier one 
as fraction DIB and the lighter one as fraction IDA. In all cases the 
distribution between niA and niB was about 70 and 30% of the total 
fraction in. Since the total yield of fraction in was 31.5%, the yields 
of niA and niB were, on the average, 22.05 and 9.5% respectively. 

Mass spectrometer analyses of fraction niA are shown in Table 
n for 7 experiments. Most of fraction niA consists of isobutene, the 
average being 92.2 mole percent. The next significant constituent, 
neopentane, amoimts to 6 % on the average. In addition to these there. 
is 1.6% isobutane and 0.2% pentenes. The last column of Table II 
shows the average yield of components in percent of total pyrolyzed 
part. The yield of the monomer, isobutene, according to this table is 
20.18%. 
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No mass spectrometer analyses were made of fractions niB 
for the reasons explained above. Judging from the fact that fraction 
niA consisted mainly of the monomer and that fraction HIB was not 
volatile at -75, but was volatile at room temperature, it can be 
assumed that the latter fraction consisted of the dimer and trimer. 

Fraction H was soluble in cold benzene or cyclohexane. The 
results of 5 molecular weight determinations are shown in Table m, 
the average being 543. In making these determinations, an ordinary 
thermometer, having 3 degrees centigrade per 1 cm. length and 
carrying 0.2 degree divisions, was used. On the same consideration 
as in the case of fraction HIB, fraction n most likely contained poly¬ 
meric fragments consisting on the average of 9-10 monomers. The 
residue (fraction I) was soluble in cold benzene or cyclohexane. No 
molecular weight determinations were made of this fraction. 


TABIX III. Average Moleciilar Weight of Waxlike Fraction (II) 
Obtained In the Pyrolysis of Polyisobutene 


Expt. 

No. 

Temp, of 
pyrolysis, 
°C. 

Part 

pyrolyzed. 

Freezing 
point lower¬ 
ing of Crfja, 

•c. 

Average 

molecular 

weight 

5 

361 

35.7 

1.25 

507 

4 

362 

34.8 

1.90 

518 

6 

401 

99.8 

2.43 

506 

8 

401 

99.9 

2.50 

612 

9 

402 

99.6 

1.60 

570 

Average . 



.... 5'"3 


V. PYROLYSIS OF POLYISOPRENE 

A 27 g. sample of commercial polyisoprene was extracted 3 
times with 300 ml. portions of ethanol-toluene azeotrope. The sample 
was stored, wet with the azeotrope, under benzene. A dilute solution 
of the purified material in benzene was used in the pyrolysis experi¬ 
ments. Results of 13 e]q>eriments are shown in Table IV. It £y)pears 
from this table that pyrolysis begins at 300° and is almost complete 
at 400°. On the whole polyisoprene decomposes more readily than 
polyisobutene. Except for Expts. 1,2 and 3 at low temperatures, the 
yield of fraction m is fairly constant and is equal on the average to 
11.3 * 0.4% of the total pyrolyzed part. The yield of fraction IV was 
obtained from mass spectrometer analysis for Expts. 1,2,4,5,7,11 and 
13. Yields for the other experiments were obtained by interpolation. 
The average yield in percent of total pyrolyzed part is 0.016. The 
average yield of fraction n is therefore 100 - (11.3 + 0.016) = 88.7%. 

In analyzingfractionm in the mass spectrometer, it was found 
that the heavier components, consisting of 8 or more carbons, did not 
interfere with the analysis of the lighter components. In view of this, 
fraction ni was not divided into fractions HIA and HIB, but was 
analyzed directly. Results of mass spectrometer analyses of fraction 
m for 9 e;q)eriments are shown in Table V. These analyses show 
the presence in this fraction of small amounts of ethanol, acetone, 
methyl ethyl ketone, benzene, toluene and CO,. In experiments 1 and 2, 
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Where the total pyrolyzed part was only 2.4% and 3.0%, respectively, 
the relative amounts of impurities due to adsorbed and ^ssolved gases 
and liquids appear exaggerated. Considering Expts. 4 to 13 we can 
see from Table V that the most abundant constituent of fraction m 
is isoprene amounting on the average to 90.8 mole percent. Next in 
abundance are the pentenes 4.6%, cyclopentadienes 1.5%, butenes 
1 .2% and hexadienes 1%. 


TABI 2 IV. Pyrolytic Fractionation of Polylsoprene 


Expt. 

No. 

— 

Wt. of 
sample, 
mg* 

Temp., 

Dura¬ 

tion, 

min. 

Fractions in vt. per 
cent of original san^le 

Fraction 
III in 
per cent 
of total 
pyrolyzed 
part 

I 

Besi- 

due 

II 

Non-vol. 
at room 
temp. 

III 

Vol. 

at 

room 

ten^). 

IV 

Gas¬ 

eous 

frac¬ 

tion 

1 

56.8 

302 

30 

97.6 

2.0 

0.4 

0 

16.7 

2 

49.8 


30 

97.0 

2.5 

0.5 

trace 

16.7 

3 

51.3 

325 

30 

89.9 

7.9 

2.2 

trace 

21.8 

4 

50.6 

352 

30 

51-5 

45.0 

5.5 

0.005 

11.5 

5 

53.0 

354 

30 

45.8 

49.7 

4.5 

0.006 

8.5 

6 

52.5 

35 *^ 

60 

21.1 

70.0 

8.9 

0.012 

11.3 

7 

57.0 

354 

90 

20.0 

70.0 


0.014 

12.5 

8 

51.8 

380 

30 

16.6 

73.9 

9.5 

0.014 

11.4 

9 

44.1 

380 

30 

8.9 

81.5 

9.6 

0.014 

11.5 

10 

52.6 

380 

30 

8.7 

80.7 

10.6 

0.014 

11.6 

11 

49.5 


30 

5.4 

83.3 

11-3 

0.020 

11.9 

12 

56.5 

403 

30 

3.7 

84.6 

11.7 

0.021 

12.2 

13 

58.6 

405 

30 

3.8 

84.6 

11.6 

0.025 

12.1 


Average fraction III in per cent of total pyrolyzed ^ 

part for Expts. 4 to 13 , inclusive. 11.3 " 0 -^ 


Dipentene, which is the dimer of isoprene, showed up in the 
mass spectra of fraction ni of Expts. 1 and 2, but not in those of the 
other experiments. Dipentene has a vapor pressure of 1 mm. at 14° 
and 5 mm. at 40.4° (11). Since fraction in was collected at room 
temperature it contained all the dipentene formed in the pyrolysis. 
On the other hand the trimer, consisting of 15 carbons would have 
too low a vapor pressure to distill into fraction HI at room temperature. 
In view of this, it can be assumed that fraction m contained, in addition 
to the compounds shown in Table V, also a considerable amount of 
dipentene. In experiments 1 and 2, where the total weight of fraction 
in was small, the partial vapor presstire of dipentene was sufficiently 
large to show its presence in appreciable amounts. In the other 
experiments the large amount of a volatile compound such as isoprene 
suppressed the vapor pressure of dipentene, so that the latter did 
not show up in the spectrum. Fraction m from Eiqpt. 8 was expanded 
into a large volume in a specially designed apparatus described 
previously (1) and an e:q)anded sample analyzed in the mass spectro¬ 
meter. Peaks indicating the presence of a large amount of dipentene 
appeared in the spectrogram, but no quantitative data could be obtained 
as to its relative amount. 
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‘Methyl ethyl ketone 
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In order to estimate the yield of dipentene in fraction m, this 
fraction in the case of experiments 8,9 and 11 was divided into niA 
and IHB, by a procedure described above, and the two parts weighed 
on the semi-micro balance. The distribution between the two parts 
was 5.7 and 5.6% in niA and IHB, respectively. On this basis the yield 
of isoprene is 5.15% of the total pyrolyzed part, as shown in the last 
column of Table V. It is not likely that fraction IHB contained much 
of the trimer of isoprene. The trimer contains 15 carbons and a 
compound of similar molecular weight, for example, pentadecane, 
C,oHg2, has a vapor pressure of 1 mm. at 91.6°. On this consideration, 
the yield of dipentene was about 5.6% of the total pyrolyzed part. 
Whether the ratio of yields of isoprene to dipentene varies with 
temperature ofpyrolysis and if so, in what direction, is not clear from 
this investigation. 


TABLE VI. Average Moleciilar Weight of Waxlike Fraction (II) 
Obtained in the Pyrolysis of Polyisoprene 


Expt. 

Uo. 

Temp, of 
pyrolysis, 
°C. 

Part 

pyrolyzed. 

Freezing 
point lower¬ 
ing of CeHi2, 

Average 

molecular 

weight 

k 

352 

48.5 

2.70 

610 

6 

554 

78.9 

5.^5 

542 

7 

554 

80.0 

5.10 

572 

12 

405 

96.5 

P .90 

578 

15 

U05 

96.2 

P.25 

581 

Average 




... 577 


The waxlike fraction (H) was soluble in cold benzene or cold 
cyclohexane. The results of molecular weight determinations in 
cyclohexane are shown in Table VI. The average of 5 determinations 
is 577, which means that on the average the fragments in this fraction 
consisted of about 8-S monomer units. The residue, fraction I, was 
also soluble in cold benzene or cold cyclohexane, but no molecular 
weight determinations were made of this fraction. 

VI. PYROLYSIS OF POLYBUTADIENE 

A sample of polybutadiene was purified by dissolving in benzene 
and precipitating with methanol. This operation was repeated several 
times and finaliy the sample, freed from methanol was dissolved in 
benzene to make a dilute solution. Resultsof 12 pyrolysis experiments 
are shown in Table vn. As seen from this table, polybutadiene is more 
refractory than polyisobutene, polyisoprene or polystyrene, when heat¬ 
ed under similar conditions. This polymer begins to break up at about 
350° and decomposition is almost complete at 477°. The yield of 
fraction IH in percent of total pyrolyzed part, stays fairly constant, 
on the average at 14.0 ± 1.0%, up to a temperature of pyrolysis of 
400-425°. Above this temperature the yield drops to a small fraction 
of the above value as indicated in the last column of Table VH. The 
yield of the gaseous fraction (IV), on the contrary, stays constant at 
0.30% of the total pyrolyzed part throughout the entire temperature 
range. 
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TABIS VII. Pyrolytic Fractionation of Polybutadlano 


Expt. 

No. 

Wt. of 
sample, 
mg. 

Ten^., 
“C. 

Dura¬ 

tion, 

min. 

Tractions in wt. per 
cent of original sample 

Fraction 

III in 
per cent 
total 
pyrolyzed 
part 

I 

Resi¬ 

due 

II 

Non-vol. 
at room 
tevxp. 

Vol. 

at 

room 

temp. 

Gas¬ 

eous 

frac¬ 

tion 

1 

49.9 

350 

30 

93.9 

5.3 

0.8 

trace 

13.1 

2 

63.6 

351 

30 

93-2 

6-0 

0.8 

trace 

11.8 

3 

54.4 

400 

30 

81.5 

15.5 

3.0 

trace 

16.2 

4 

50.3 

400 

30 

80.2 

17.2 

2.5 

0.06 

12.6 

5 

51.3 

401 

60 

76.9 

19.0 

4.0 

0.08 

17.3 

6 

50.1 

401 

120 

67.4 

27-5 

5.0 

O.U 

15.3 

7 

50.7 

425 

30 

53.7 

40.7 

5.5 

0.12 

U.8 

8 

31.2 

450 

30 

19.4 

72.1 

8.3 

0.25 

10.3 

9 

52.7 

450 

30 

14.4 

78.7 

6.6 

0.25 

7.7 

10 

50.3 

450 

30 

13.7 

81.1 

5.0 

0.25 

5.8 

11 

40.4 . 

477 

30 

0.9 

92.5 

6.3 

0.28 

6.4 

12 

51.1 

500 

30 

0.3 

97.2 

2.2 

0.30 

2.2 


Average fraction III in per cent of total pyrolyzed ^ 

part for Expts. 1 to 7 inclusive. -1.0 


Fraction in was divided into fractions niA and niB volatile at 
-75° and room temperature and amoimting to 4.2% and 9.8% of the 
total pyrolyzed part, respectively. Mass spectrometer analyses of 
fraction IHA are shown for 9 experiments in Table vni. These 
experiments cover the entire range of pyrolysis from 6.1% to almost 
100% decomposition. A gradual decrease in the content of 1,3-buta¬ 
diene, the principal constituent of fraction IDA, and a corresponding 
increase in the content of most of the other constituents of this fraction, 
with rise in temperature of pyrolysis or extent of pyrolysis, is noted. 
On the other hand, butene, the second largest constituent, passes 
through a maximum at 20-30% decomposition. Yields of the various 
components in percent of total pyrolyzed part are shown in the last 
column of Table 8 for Expt. 5 which seems to have approximately the 
average composition of fraction IHA. Yieldof the monomer, 1,3-buta¬ 
diene, in Expt. 5 is 1.515%* however, considering other experiments, 
the yield varies from 2.27% for Expt. 1 to 0.67% for Expt. 9. 

Fraction HIB could not be analyzed in the mass spectrometer 
and no determination was made of its average molecular weight. On 
the basis of the same arguments given in the case of polyisoprene, this 
fraction most likely consists of the dimer of butadiene and in the form 
of vinyl cyclohexene, which is the analogue of dipentene; 

CHs-CHa CHj-CHa 

CHa-CH-CT ^CH CHa-0(CHs)-CT ^C.(CH9) 

CHa-CH^ ^CHa-CH^ 

vinyl cyclohexene dipentene 

The gaseous fraction (IV) was also analyzed in the mass spectro* 
meter. As in the case of the other polymers, this fraction consisted 






















TABI 3 E VIII. Mass Spectrometer Analysis of Fraction IIIA Obtained in the Pyrolysis of Polybutadiene 
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0.2 
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In Mole per cent 
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rH-4 1 VO IPOO ^ ^ d pH CM r-i 

H H pH CM pH 

100.0 

rP 

• d 

H NO 

NO O . 

-4- CM 

KN 

IP rH C?N H CO rH ON -4 fP rP NO pH pH 

pH d cd tPNO VO fP d IP rp pH h d 

rH CM CM 

100.0 

■ 

PB 
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rp CM 
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Expt. No . 1 

Temp, of pyrolysis, ®C . 350 

Part pyrolyzed in ^ . 6.1 

CO GO(ONCTNt^OlPlPO VOOJrH 

1 .1 ....*«..| 

O rpo H CM CO H D-O 

o 

d 

o 

H 

21.2 


Mol. vt. 

OOOOOHrHrHHHHHHrHH 

oodd cM.4-4vdcQvdcdd cOd cm- 4 
CM rp-4 -4 3- IP IP mSvo ^ t—CO CO CO 



1a 

1 

o 

Ethylene 

Ethane 

Propa diene 
Propylene 

Propane 

1 , 5 -Butadiene 

Butenes 

Butanes 

Cyclopent adienes 

Pentadienes 

Pentenes 

Pentemes 

Cyclohexadienes 
Hexadienes 

Hexenes 

Total 

o c? 
o o 


In addition to the components indicated here, there were also 1 . 4 ^ heptadienes and 1 . 4 ^ vinylcyclohexene. 
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chiefly of CH 4 mixed with some CO, N„ O, and CO,. Actual analyses 
of this fraction were made for Expts. 1,4,5,6,9 and 10. Values for the 
ejqperiments were interpolated from the experimental values. Yield 
of CH 4 in percent of total pyrolyzed part is fairly constant and is equal 
on the average to 0.29% of the total pyrolyzed part. 

The waxlike fraction (n) was soluble in benzene, but not in 
cyclohexane. Molecular weight determination of this fraction by the 
micro freezing point-lowering method was, therefore, carried out in 
benzene. The results are given in Table IX. The average of 6 deter¬ 
minations is 739, signifying that the average fragment in fraction n 
consisted of about 13-14 monomers. The residue was not soluble 
either in benzene or cyclohexane. 


TABIX IZ. Average Molecular Weight of Waxlike Fraction (II) 
Obtained in the Pjrrolyela of Polybutadiene 


Expt. 

No. 

Temp, of 
pyrolysis, 
°C. 

Part 

pyrolyzed. 

Freezing 
point lower¬ 
ing of CeHe, 
“C. 

Average 

molecular 

weight 

5 * 

6 

7 

8 

9 

10 

11 

401 

401 

425 

450 

450 

450 

477 

23.1] 

32 . 6 j 

46.3 

80.6 

85.6 

86.3 

99.1 

0.55 

0.60 

0.48 

0.30 

0.67 

0.60 

700 

666 

788 

772 

726 

784 

Average. 




. 759 

*Molecular weight determination vae 
frewtions II from Expts. 5 6. 

} made on the 

combined 


The peculiar behavior of polybutadiene in giving on pyrolysis 
lower yields of fraction mat temperatures above 425°, is undoubtedly 
due to spattering which was observed to take place when the tray was 
heated too fast. In this case incompletely pyrolyzed material reached 
the condenser. As a result the yield of fraction m was reduced and 
fraction II acquired a higher average molecular weight. Turning back 
to Table IX, we see that the molecular weight of fraction n is greater 
for temperatures of 450° or above than for temperature below 450°. 
In the case of polyisobutene, in Expts. 14 and 15, Table I, the tempera¬ 
ture of pyrolysis was 450° and 460° respectively, but no spattering 
occurred because most of the material was pyrolyzed before these 
temperatures were reached. 

Vn. PYROLYSIS OF GR-S 

GR-S, consisting of 75% butadiene and 25% styrene, was dissolved 
in benzene and precipitated with methanol. This was repeated several 
times and the precipitate freed from methanol and dissolved in benzene. 
Results of pyrolysis and fractionation of 9 samples are shown in Table 
X. Here, as was the case with polybutadiene, the yield of fraction m 
stays constant at lower temperatures, then drops at 426° or above. 
The average of the constant for the first 5 experiments is 11.8 * 0.4% 
of the total pyrolyzed part. Fraction m was separated into fractions 
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inA, yield 3.9%, and DIB, yield 7.9%. Mass spectrometer analyses of 
fraction niA for all 9 experiments are shown in Table XI. These 
analyses resemble very closely those obtained for fractions niA from 
polybutadiene. Apparently, styrene and toluene, which are decompo¬ 
sition products in the pyrolysis of polystyrene (1), were retained in 
fraction IBB, due to their low vapor pressure at -75°. According to 
Stull’s table (11), the temperatures at which styrene and toluene have 
a vapor pressure of 1 mm. are -7 and -26.7° respectively. In GR-S 
pyrolysis, as in the case of polybutadiene, the content of 1,3-butadiene 
drops and that of most of the other significant constituents of fraction 
inA rises with rise in temperature. Composition of fraction IIIA in 
percent of total py roly zed part is shown in the last column for Expt. 5 
which seems to have about the average percentage of components for 
all the experiments. The yield of butadiene, according to this table. 


TABLE X. Pyrolytic Fractionation of GE-S 


Expt. 

No. 

Wt. of 
cample, 
ing. 

1 

Temp., 
‘‘C. 

Dura¬ 

tion, 

min. 

Fractions in 
cent of origin 

vt. per 
al sample 

Fraction 
III in 
per cent 
total 
pyrolyzed 
part 

I 

Resi¬ 

due 

II 

Non-vol. 
at room 
temp. 

III 

Vol. 

at 

room 

temp. 

IV 

Gas¬ 

eous 

frac¬ 

tion 

1 

52.7 

552 

30 

95.1 

6.1 


Trace 

11.6 

2 

45.4 

575 

50 

80.1 

17.8 


0.0^;> 

10.0 

3 

46.5 

!;75 

30 

62.2 

32.9 

4.8 

0.10 

12.7 

k 

41.0 

400 

30 

44.5 

48.5 

7.1 

0.13 

12.8 

5 

4)1.7 

400 

30 

i^5.5 

49.6 

6.8 

0.12 

12.0 

6 

59.5 

426 

30 

28. 5 

65.5 

6.2 

0.15 

8.7 

7 

51.6 

450 

30 

5.^^ 

87.4 

7.0 

0.16 

7.k 

8 

46.5 

450 

30 

0.5 

r,.6 

5-9 

0.17 

3.9 

9 

47.6 

455 

30 

0.4 

92.7 

6.7 

0.17 
_ 1 

6.7 


Average of fraction III in per cent of total pyrolyzed 

part for experiments 3 to 5 Inclusive. 11.8 - 0.4 


is 1.906% for Expt. 5. Considering the other experiments, this yield 
varies from 2.14% for Expt. 1 to 1.71% for Expt. 9. Although in the 
case of pyrolysis of polystyrene, fraction ni, which consists mostly of 
styrene, could be analyzed in the mass spectrometer, fraction IIIB 
from pyrolysis of GR-S could not be similarly analyzed, because of 
the complexity of the spectrum arising from the presence in this 
fraction of the dimer of butadiene, presumably vinyl cyclohexene. 

The gaseous fraction was analyzed in the mass spectrometer 
only for Expts, 2,4,5 and 9. The other values were interpolated from 
those determined experimentally. The results are shown in Table X. 
The average yield of CR, is 0.19%. Fraction II was only slightly 
soluble in cyclohexane, but soluble in benzene. Results of molecular 
weight determinations for 4 experiments are shown in Table XII. The 
average molecular weight is 712, corresponding approximately to a 
composition of 8-9 units of butadiene and 3 units of styrene per frag¬ 
ment. Fraction I was soluble in cold or hot benzene, but not in cyclo¬ 
hexane, cold or hot. 
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TABIB ZII. Average Molecixlar Weight of the Waxlike Fraction (II) 
Obtained in the ^rolyais of GB-S 


Expt. 

No. 

Tenrp. of 
pyrolysis, 
°C. 

Part 

pyrolyzed, 

i 

Freezing 
point lever¬ 
ing of CqHb, 

Average 

molecular 

weight 

3 

375 

37.8 

0.60 

707 

5 

400 

56.6 

0.60 

726 

6 

426 

71.7 

0.57 

687 

7 

450 

94.6 

0.50 

728 

Average. 



.... 712 


Vm.PYROLYSIS OF POLYETHYLENE 

The polyethylene used in this investigation was a pure grade 
polymer having an average molecular weight of about 20,000. It could 
not be dissolved in the ordinary solvents and was used in the form of 
a suspension in benzene. Polyethylene proved very resistant to thermal 
decomposition. Pyrolysis started at 360° and was almost complete at 
475°. The results of 13 experiments are shown in Table Xin. Here 
the yield of fraction in was very small, the average being 3.4 * 0.5% 
of the total pyrolyzed part. There is a considerable variation from 
this average in the individual experiments, but this is to be expected 
in view of the fact that the weight of the liquid fraction was only 0.?5 
to 1.5 mg. and the accuracy of weighing was not better than 0.05 mg. 
Duration of experiments of maximum temperatures varied from 30 
to 90 minutes. 

Fraction in was divided into fractions niA and niB in the 
manner described above. Mass spectrometer analyses of fraction 
niA for 4 ejqperiments are shown in Table xrv. Polyethylene is unique 


TABLE XIII. Pyrolytic Fractionation of Polyethylene 


Expt. 

No. 

Wt. of 
sample, 
mg. 

Temp., 

Dera¬ 

tion, 

min. 

Fractions in vt. per 
cent of original sample 

Fraction 

III in 
per cent 
of total 
pyrolyzed 
part 

I 

Eesi- 

due 

II 

Non-vol. 
at room 
temp. 

III 

Vol. 

at 

room 

temp. 

IV 

Gas¬ 

eous 

frac¬ 

tion 

1 

94.3 

360 

50 

98.6 

1-5 

0.1 

Trace 

7.1 

2 

71.9 

400 

60 

87.8 

11.6 

0.6 

Trace 

4.9 

5 

54.5 

401 

30 

85.2 

15.9 

0.9 

Trace 

6.1 

4 

56.6 

405 

30 

76.5 

2 ?.l 

o.u 

Trace 

1.7 

5 

67.2 

405 

60 

83.0 

16.5 

0.7 

Trace 

4.1 

6 

57.6 

405 

30 

82.4 

16.8 

0.8 

Trace 

4.2 

7 

57.6 

405 

90 

78.9 

20.6 

0.5 

Trace 

d.h 

8 

65.5 

429 

30 

29.7 

67.9 

2.^ 

Trace 

3-4 

9 

59.1 

429 

50 

57.3 

61.6 

1.1 

Trace 

1.8 

10 

56.0 

450 

60 

29.4 

68.4 

2.2 

Trace 

3.1 

11 

39.9 

431 

60 

11.4 

86.1 

2.5 

Trace 

2.8 

12 

64.6 

431 

90 


91.3 

2.6 

Trace 

2.8 

13 

36.4 

475 

30 

m 

95-5 

5.1 

Trace 

3.1 


Average fraction III in per cent of total pyrolyzed ^ 

part for all experiments except 1 . 3 .^ ■ 0.5 
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in the sense that the macro-molecular chain is devoid of any marks 
indicating the monomeric units from which it is built. Thermal 
decomposition, according to Table IV, seems to follow a random 
pattern giving fise mostly to straight chain paraffins and monoolefins. 
It is likely that fractions niB and n consist of the same types of 
molecules, except that they are longer. The 4 analyses shown in Table 
XTV resemble each other very closely in spite of the fact that the 
temperature of pyrolysis varied from 405° 475° and the extent of 

decomposition varied from 23.5% to almost 100%. The average 
composition of fraction HI in percent of total pyrolyzed part is shown 
in the last column of Table lOV. 


TABU XIV. Mass Spectrometer Analysis of Fraction IIIA Obtained 
in the Pyrolysis of Polyethylene 




.. it 
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10 

450 

70.6 

15 

475 

98.6 


Av. conqpo* 
nent in of 
toted pyro¬ 
lyzed part 

Ten®), of pyrolysis, 

°c.405 

Part pyrolyzed in 23-5 

429 

62.7 

HV. 01 

Expts. 

4 to 15 
inclusive 

Component 

Mol. 

wt. 


In Mole per 

cent 


wt. i 

Bthylene 


4.8 

4.0 

4.1 

4.2 

4.3 

0.025 

"Ethnne 


14.3 

13.4 

10.9 

11.2 

12.4 

0.076 

Propadiene 

40 

1.2 

- 

- 

- 

0.3 

0.002 

Propylene 

42 

- 

5.7 

10.8 

6.1 

3.2 

0.045 

Propane 

44 

15.5 

10.5 

16.2 

17.5 

14.8 

0.156 

Butenes 

56.1 

24.5 

25.8 

22.7 

25.4 

24.6 

0.282 

n-Butane 

58.1 

16.8 

22.1 

18.6 

18.7 

19.1 

0 . 2?5 

Pentadienes 

68.1 

- 

0.3 

0.4 

0.9 

0.4 

0.005 

Pentenes 

70,1 

8.3 

8.4 

6.7 

6.7 

7.5 

0.108 

n-Pentane 

72.1 

6.8 

7.7 

6.2 

3.9 

6.2 

0.091 

Hexadlenes 

82.1 

0.8 

0.3 

- 

- 

0.3 

0.005 

Hexenes 

84.1 

5.5 

2.7 

2.4 

4.1 

3.2 

0.056 

n-Hexane 

86.1 

1.6 

1.1 

0.8 

1.3 

1.2 

0.022 

1 -Heptene 

98.1 

0.5 

0.1 

0.2 


0.2 

0.004 

n-Heptane 

100.1 

1.6 

0.1 

- 

- 

0.4 

0.008 

Total 


100.0 

100.0 

100.0 

100.0 

100.0 

1.1 

COz 

44 

0.3 

5.6 

- 

B 

- 

- 


Fraction IHBcanbe assumed to consist of paraffins and olefins 
containing 8 to 15 carbons in the chain. The gaseous fraction contained 
only a trace of CH 4 . The waxlike fraction (H) was quite insoluble in 
cold benzene, although soluble in hot benzene. The average molecular 
weight of this fraction was determined by the micro freezing point¬ 
lowering method in camphor. The results are shown in Table XV. 
The amoimt of material in fraction H was too small in most e:q)eriments 
and it was found necessary in some cases to combine the yields from 
two eiq)erimentsfor a molecular weight determination. The average 
of 4 determinations was 692, corresponding to an average straight- 
chain fragment of about 50 carbons. The residue was a horny substance 
insoluble in cyclohexane or benzene, hot or cold. 
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TABIB XV. Average Molecular Weight of Waxlike Fraction (II) 
Obtained in the Pyrolysis Polyethylene 



Temp, of 

Part 

Preezing pt. 

Average 

Expt. 

pyrolysis. 

P3rrolyzed, lowering 

moleciilar 

No. 

‘•c. 


of can^ihor 

weight 

5 

6 

405 

405 

17.0' 

17.6, 

■ 4.8 

690 

8 

429 

70.31 

5.4 

691 

10 

11 

430 

431 

70.6 J 

88.6 

5.0 

687 

9 

12 

429 

431 

62.7] 
93.9j 

> 5.6 

699 


Average.692 


IX. DISCUSSION OF RESULTS 

It was shown in the course of this investigation that fractionation 
of the volatile products of pyrolysis facilitates the analysis of the 
products whether by means of the mass spectrometer or by other 
means. One striking result of this investigation is that in the case of 
poly isobutene and polylsoprene the yield of the monomer is practically 
constant within a wide range of temperature, duration of e3q)erlment, 
amount of sample used or extent of pyrolysis. The same was found 
true in the pyrolysis of polystyrene (1). In the case of polybutadiene 
the yield of the monomer decreases markedly with the rise in temp¬ 
erature of pyrolysis. As to polyethylene, one cannot speak of a 
monomer because the macromolecular chain does not have any 
distinctive marks to indicate the unit from which it was built. Never¬ 
theless, the relative amounts of small fragments up to about 8 carbons 
remain fairly constant through the temperature range 405° to 475°. 

It was pointed out in the previous paper that pyrolysis of 
polymers, unlike molecular distillation, is a very slow process. 
While in the latter case only distillation is involved, in the case of 
pyrolysis, distillation follows fragmentation and the rate of the 
combined process is necessarily that of fragmentation. In view of 
this, the vapor phase will be very unsaturated, even with regard to 
the larger fragments at the high temperatures employed and will, 
therefore, not be very sensitive to the total pressure. On comparing 
the work of Staudinger and Steinhofer, who pyrolyzed polystyrene at a 
pressure of 0.1 mm. Hg, with that of Madorsky and Straus who used a 
pressure of about 10*‘, it was found that the results were about the 
same, the yield of the monomer being 43.5 per cent and 40 per cent 
of the total pyrolyzed part, respectively. A comparison of the 
yield of isoprene obtained in this investigation with those found in the 
literature, is given in Table XVI. The yields are shown in percent of 
total pyrolyzed part. There seems to be a good agreement between 
the yield obtained in the present work with that obtained by Staudinger 
and Frltschl, at a pressure of 0.1 to 0.3 mm., or even with thatof 
Staudinger and Geiger at a pressure of one atmosphere, the values 
being 5.15, 4.8 and 4.2%, respectively. As to Wall’s work, who worked 




TABIS vn. Yield of Isoprene in the Pyrolysis of Natural and Synthetic Polyisc^rene. Comparative Results Obtained 
by Various Investigators 
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Temperature of p3rrolysis is not given for this experiment. It vas estimated to be in this range from the 
description. 
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at a temperature andpressure comparable to ours, bid used samples 
of only 1 mg., there is good agreement with the present work in the 
case of synthetic polyisoprene, 5%, but not in the case of natural 
ridibers, where the yield was 2%. The yield obtained by Midgley and 
Henne, who worked at a temperature of 700° and at atmospheric 
pressure, was twice that obtained by Staudinger and co-workers or 
by us. Pa^icularly interesting are the results of Bassett and Williams, 
who studied the effect of rate of heating on yield. The yield of isoprene 
was increased in their work from 8.3%, when the heating rate was 
slow to 12.9% when the heating was fast. On dropping 1 g. pieces of 
rubber on a hot metal surface, maintained at 600°, the yield of isoprene 
was raised to 19.2%. 

Yields of the various fractions obtained in pyrolysis are sum¬ 
marized in Table XVH and the average molecular weights of these 
fractions are summarized in Table XVm. Polystyrene is included 
in these tables for the purpose of comparison. Even in the case of 
polybutadiene and GR-S, where composition of fraction HIA varies 
with temperature, the average molecular weight of the fraction as a 
whole is practically constant throughout the temperature range. In 
Table XVm, the values for fractions II, HIA and IV were determined 
ejqperimentally, while those for fraction IIIB were estimated on the 
assumption that it consisted of a mixture of hydrocarbons with 8 to 15 
carbons. 

table XVII. Summary of Pyrolytic Fractionation of Hydrocarbon 
Polymers (Average Values of Fractions) 

Fractions in per cent of pyrolyzod part 


II 

Poisoner Waxlike 

IIIB 

Liquid 

IIIA 

Liquid 

III 

IIIAflllB 

IV 

CH4 

Tield of 
monomer 

Polystyrene 

57-8 

- 

- 

42.1 

0.10 

40.00 

Polyisobutene 

68.3 

9.5 

22. 

51.5 

0.22 

20.15 

Polyisoprene 

88.7 

5.6 

5.7 

11.5 

0.02 

5.15 

Polybutadiene 

85.7 

9.8 

4.2 

14.0 

0.50 

0.67.2.27 

GP-S 

88.0 

7.9 

3.9 

11.8 

0.19 

1 . 71 - 2.14 

Polyethylene 

96.6 

2.5 

1.1 

5.4 

Treu^e 

- 


TABLE XVIII. Average Molecular Weights of Fractions 
Obtained in the Pyrolysis of Polymers 

Average molecxilar veights of fractions 


Polymer 

II 

IIIB 

IIB 

IV 

Polystyrene 

264 

- 

103.22* 

16 

Polyi s obut ene 

543 

150 

57.12 

16 

Polyisoprene 

577 

150 

68.45 

16 

Polybutadiene 

759 

150 

51.00 

16 

GR-S 

712 

150 

47.88 

16 

Polyethylene 

692 

150 

53.06 

16 


*In the case of polystyrene, fraction III was not divided into 
HIA and IIIB so that 103.22 is the average molecular weight 
of fraction III. 
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Fraction m contains the monomer as well as the other small 
fragments of pyrolysis. The yield of this fraction can be used as an 
indication of relative fragmentation of polymers during pyrolysis. In 
this respect, the polymers, as seen from Table XVII, fall into 3 groiq)s: 
(a) polystyrene and polyisobutene, (b) polyisoprene, polybutadiene 
andGR-S, and (c) polyethylene. Fragmentation, or the relative num¬ 
ber of scissions occurring in the chain during pyrolysis will be deter¬ 
mined, on the one hand, by the frequency of low energy carbon-to- 
carbon bonds in the chain and, on the other hand, by the steric hin¬ 
drance to the escape of fragments caused by side chains. Considering 
the structural formula of the various polymers studied, we find that 
in those of group (a) every carbon-to-carbon link has a lower energy 
than the ordinary link. Thus, in polystyrene every C-C link in the 
chain is in /Si position to a double bond: 

-c-c-c-c-c-c^c^c- 

0660 


In this as in the structural formula below, dots indicate low-energy 
C-C links. Similarly, in the case of polyisobutene, every C-C link 
in the chain is weakened by the side chain attached to every other 
carbon in the chain; 


c c c r 

lilt 

-c-c-c-=-c-c-c-c-c- 

I I I I 

C C C c 

In the polymers of group (b) every fourth C-C link in the chain has a 
lower energy because of being in the )8position from a double bond; 

c c c 

I .1 .1 

“C-C = C''C-C-C=C-C-C-C-C“C“ 

Polyisoprene 


- C - C= C~ C- C- C= C" C~ C“ C- C - C- 
Polybutadiene 

In the case of polyethylene, group (c), all the C-C links have the 
normal amount of energy. 

Relative thermal stability of polymers is illustrated in Figure 2, 
where percentage pyrolysis is plotted against temperature. Only those 
experiments which were of 30 minutes duration at the maximum 
temperature of the particular experiment, are plotted. The order of 
stability here is as follows; 

polyethylene = polybutadiene > GR-S > polystyrene > 

polyisobutene > polyisoprene 

This order is in agreement with that found by Seymour (8). 
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On examining the mass spectrometer data for fraction IIIA 
obtained from polyisobutene. Table n, we find that, it consists, on the 
average, of 92.2 mole percent isobutene, 6.0% neopentane and 1.6% 
isobutene. The isobutene could form by splitting off from a free- 
radical end of a chain in this fashion: 

-C-(CH8) -CHj-C-CCHa) - CIlj-C-CCHo) - CHai-C (CHs) - CH,-= 

-C-(CHs) -CHa—C-(CH 3 ) --CH,-C-(CHa) — CKj-+ C-CQIs) = CHa 
2 2 2 2 

isobutene 

Neopentane could be formed by first splitting off as a free 
radical at position 5 instead of 6 and then picking up hydrogen from 
the surrounding macromolecules. Isobutane could form from iso¬ 
butene through saturation with hydrogen from the surrounding mole¬ 
cules. 



TEMPERATURE,’C. 

Fig. 2. Theraal decoaposltlon of polymers. 

In fraction in frompolyisoprene, mass spectrometer analysis, 
Table V, shows it to consist of 90.8 mole per cent isoprene and 4.6 
mole per cent pentenes, the rest being small amounts of mono or 
diolefins and cyclodienes. All of these could form by splitting off 
from a free radical end of a chain and transferring the free radical 
to the chain. For some reason no saturated compounds are found in 
this fraction. 

Thermal decomposition of poly isobutene, polyisoprene and 
polystyrene, judgingfrom the composition of their respective fractions 
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niA and m, follow simple patterns, consisting almost entirely of 
monomers, ^mers,trlmers, etc. In the case of polybutadiene, GR-S 
and polyethylene the decomposition patterns are rather complicated. 
In the decomposition of polybutadiene and GR-S, the yield of the 
monomer varies from about 60 to about 20 mole per cent of fraction 
mA, the other constituents being mostly straight chain paraffins, 
mono and diolefins and to a small extent, cyclodienes. The drop of 
monomer yield with rise in temperature, was observed only in the 
case ofpolybutadiene and GR-S. This drop may have been due to an 
increase in the content of the dimer, presumably, vinyl cyclohexene, 
at the expense of the monomer, with increase in temperature of py¬ 
rolysis. However, this should have been followed by a corresponding 
increase in fraction IIIB at the e]q)ense of IHA. The work done on the 
separation of fraction m into IHA and niB is insufficient to draw a 
definite conclusion in regard to the last point. The problem of 
monomer-dimer ratio in the case of pyrolysis of polybutadiene 
(also GR-S), is tied up with a similar problem of isoprene-dipentene 
ratio in the pyrolysis of polyisoprene and requires more work for its 
clarification. 


20 30 40 90 60 70 eO 90 100 110 



Fig. 3. Mass spectra of fractions III or IIIA. Abscissas 
are nolecular weights, and ordinates are relative heights 
on a scale of 100 for the naxlmum peak. 

In the pyrolysis Of polyethylene very little of the small fragments 
is obtained. Fraction HI appears to be constant throughout the temp¬ 
erature range studied. Judgingfrom the composition of fraction IHA, 
the fragments consist of straight chain paraffins and monoolefins and 
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traces of diolefins. The most abundant constituents are butenes, 
followed by n-butane, n-propane and n-ethane. 

Pyrolytic fractionation of polymeric substances, in conjunction 
with mass spectrometer analysis of the light fractions, offers an easy, 
quick and dependable methodfor the analysis of these substances. Each 
polymer gives acharacteristic spectrum in the mass range vqp to about 
105 as shown in Figure 3. With the further development of the mass 
spectrometer and the extension of its range to higher masses, this new 
method should prove valuable not only in the identification and de¬ 
termination of purity of polymers and copolymers, but in the study 
of their structure and properties as well. By connecting the pyrolysis 
^paratus directly to the mass spectrometer, analysis of the more 
volatile fractions could be further facilitated and expedited. 

The authors express their indebtedness to F. L. Mohler for 
many helpful suggestions, to R. M. Reese who operated the mass 
spectrometer and to M. Tryon who purified most of the polymers 
used in this work. 
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Synopsis 

Samples of poly isobutene, polyisoprene, polybutadiene, GR-S, 
and polyethylene, weighing about 25 to 50 mg., were pyrolyzed in a 
vacuum of about 10 "® mm. of mercury in a specially designed appara¬ 
tus at temperatures ranging between 300to 47 5°C. The volatile products 
of pyrolysis were separated into four fractions: (IV) gaseous, volatile at 
-196°; (niA)liquld, at -75°, (raB)llquid, at 25°; and(II) waxHke fraction, 
volatile at the temperature of pyrolysis. The gaseous fraction was 
analyzed in the mass spectrometer and was found to consist in all cases 
of CH 4 . The liquid fraction, IDA, was analyzed similarly and was found 
to give a mass spectrum characteristic for any given polymer. A mole¬ 
cular weight determination of the waxlike fraction by the micro freez- 
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ing point-lowering method, showed it to vary from 543to 739, depending 
on the polymer from which the fraction was obtained. It is shown that 
the method of pyrolytic fractionation of high molecular weight poly¬ 
mers, in coi^unction with mass spectrometer analysis of the more 
volatile fractions, can serve as a means of identifying the polymers. 


R^sum^ 

Des Ichantillons de polyisobutene, polylsoprene, polybutadi^ne, 
GRS, etpolyethylene, pesant de 25 k 50 mgr., ont 4t4 soumis ^ pyrolyse 
sous vide (10'* mm. de mercure), dans un appareil sp^cialement con- 
struit k cet effet, k des temperatures allant de 300° ^ 475°C. Les 
produits volatiles de la pyroly se ont ete sdpards en quatre fractions; 
(IV)produitsgazeux, volatilei -196°; (HIA)produitsliquides k-75°C.; 
(inB)produits llquides k 25°; et (n) fraction cireuse, volatile unique- 
ment £ la temper aturedepy roly se. La fraction gazeuse a ete analys^e 
au spectrometre de masse, et etait constituee dans tous les cas de 
methane. Lafractionliquide, HIA, a ete analysde de la m@me fa^on^ et 
fournit un spectre de masse caracteristique pour chaque polymere 
determine. Une determination du poids moieculaires de la fraction 
cireuse par la methode micro-cryoscopique, indique des valeurs de 
543 a 739 suivant le polymere dont on est parti pour obtenir ce produit. 
Cette methode de scission pyrolytique des hauts polyrndres, doubiee 
d'une analyse au spectrometre de masse pour les fractions les plus 
volatiles, peut servir de moyen d'identification des polymeres. 


Zusammenfassung 

Probenvon Polyisobutylen, Polyisopren, Polybutadien, Buna-S 
undPolyaethylen, zwischen 25 und 50 mg. wiegend, wurden unter einem 
Vakuum von l0-‘mm. Quecksilber in einem besonders zu diesem 
Zwecke entworfenen Apparate bei Temperaturen von 300 bis 475°C. 
pyrolysiert. Diefluechtigen Pyrolyseprodukte wurden in vier Frakt- 
ionen'geteilt; (IV)gasfoermig,fluechtig bei-l96°C.; (HIA) fluessig bei 
-75°C.; (IHB) fluessig bei 25°C.; und (U) wachsfoermig, fluechtigbei der 
Pyrolysentemperatur. DiegasfoermigeFraktionwurde massenspek- 
trometrisch analysiert und bestand in alien Faellen aus Methan. Die 
fluessige FraktionlHA wurde aehnlich analysiert und ergab ein Mas- 
senspektrum, das fuer ein gegebenes Polymerisat charakteristisch 
war. Eine Molekulargewichtsbestimmung der wachsfoermigen Frak- 
tion durch die Mikroschmelzpunktniederimgsmethode ergab Werte 
zwischen 543und 739, jenach dem Polymerisat, von dem die Fraktion 
abstammte. Es wird gezeigt, dass die Methode der pyrolytischen 
FraktionierungvonPolymerenhoher Molekulargewichte mit Anwend- 
ung von massenspektometrischer Analyse der fluechtigeren Frak- 
tionen zur Identifizierung von Polymerisaten dienen kann. 
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LETTER TO THE EDITORS 


INTRAMOLECULAR REACTIONS IN VINYL COPOLYMERS 

Merz, Alfrey and Goldflnger (1) have extended Flory's (2) sta¬ 
tistical treatment of the dechlorination of polyvinyl chloride by metallic 
zinc to the case of copolymers of vinyl chloride. They derive the 
following expression: 


f = (1) 

where f represents the fraction of chlorine remaining in the copolymer, 
Paa istheprobability that a vinyl chloride free radical will react with 
a vinyl chloride molecule during the copolymerization. In a later 
sectionoftheirpaper.they extend the equation to allow for the effect of 
the next-to-the-end group in the growing free radical. Their result is 
given by: 


r = 



(1 - 


-2P 

e 


aaa^ 


( 2 ) 


Here, Pjjaa Is the probability that a vinyl chloride free radical, formed 
by the addition of a vinyl chloride molecule to a free radical of the 
comonomer, will add another vinyl chloride molecule. 

The sequence-length distribution function that ^plies in this 
case does not hold for sequences of unit length, as is pointed out by 
these authors. However, we find that they have not consistently cor¬ 
rected for this in the derivation of equation (2). A corrected derivation 
is given below. 

The number fraction Nn of sequences of A monomer units of 
length n is given by: 


' ^baa *’aaa 


for n > 1, and by: 
for n = 1, 


N. 


^baa 


665 



666 
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The value of f, the fraction of unremoved substituents, then is 
given by: 

Si(l ~ ^baa^ * ^5 ®n^baa*’aaa^^ ” ^’aaa^ 

f =-ca_:--- 

” *’baa^ * ^ "^’baa^’aaa^^ " *’aaa^ 
n=2 

Evaluation of this e}q)ression leads to the result; 


f = 1 - 


■^baa 


’aaa 


^aaa * ^’baa^ 


(1 


-2P 


aaa« 
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REVIEW 


Encyclopedia of Chemical Technology, Volume 2, Raymond E, Kirk 
and Donald F. Othmer, editors. Interscience, New York, 1948, 
xvi + 915 pp. 20.00 per volume. 

In this second volume of "Encyclopedia of Chemical Technology," 
which is to appear in about ten volumes, the editors again present an 
excellent series of articles written by scientists in industrial lab¬ 
oratories and universities who are qualified by personal experience 
to write authoritatively about their subjects. 

This volume contains articles on a wide variety of subjects 
ranging from discussions on Atomic Structure, Calorimetry and 
Calculations, through articles on a number of inorganic chemicals, 
metals and minerals, organic chemicals, dyes, and pharmaceuticals 
and miscellaneous industrial products. 

Inorganic topics include the production, chemistry, economic 
aspects, and applications of the followii^ elements and their alloys 
anchor compounds; Antimony, Arsenic, Barium, Beryllium, Bismuth, 
Boron, Bromine, Cadmium, and Calcium. 

Topics of interest to organic chemists particularly include 
Benzene, Benzaldehyde, Benzene Sulfonic Acid, Benzidine, Benzoic 
Acid, Benzophenone, Benzoyl Peroxide, Benzyl Alcohol and jS -Phenyl- 
ethyl Alcohol, Betaines, Butadiene, Butyl Alcohols, Butyl Amines, 
Butyraldehyde, Butyric Acid and Butyric Anhydride, Caffeine, 
Camphor, Carbohydrates, Azine Dyes, Azo Dyes, Azoxy Compounds, 
and Azomethanes. 

Those interested in biologically important materials and 
pharmaceuticals will find articles on Antibiotics, Barbituric Acid and 
Barbiturates, Blood Fractionation, Ascorbic Acid, Antiseptics, 
Disinfectants and Fungicides, Bile Constituents, Biotin, Antianemia 
Preparations, Antiscorbutics, Antispasmodics, and Astringents. 

Miscellaneous industrial processes and products are discussed 
in articles on Antifreezes, Antioxidants, Asbestos, Asphalt, Bagasse, 
Bakery Processes, Baking Powder, Batteries, Bearing Metals, Beer 
and Brewing, Bituminous Roofing Materials, Animal Blood, Brake 
Linings, Building Materials, Calking, Candles, Active Carbon, Carbon 
Arc, and Carbides. 

Articles which may be of direct interest to those who work with 
high polymers include those on Benzoyl Peroxide, Butadiene, Butyr¬ 
aldehyde and Butyric Anhydride, Camphor, Plasticizers, Dyes, 
Antibiotics, Blood Fractionation, Antioxidants and Asphalt, while 
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polymer science may be of less obvious relevance to other subjects 
as well - we learn that Bakery Processes depend on the formation 
of gas>retaining films from the protein of wheat. 

In general, the articles are well written and refer to both 
historical background and the recent literature. They are descriptive, 
and contain flowsheets, photographs, bibliographies, and summaries 
of pertinent quantitative physical, chemical, and technological data. 
The Encyclopedia may be highly recommended as a convenient source 
of information which will be very useful to chemists and engineers 
both in research and in development and production. 

Saul G. Cohen 
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"Surface Chemistry for Industrial Research." J. J. Bikerman. 
Academic Press, New York, ix +414 pp. (illustrated), 8.00 

The emergence and grovdh of surface and colloid science into 
established disciplines may now be recognized as among the important 
developments in chemistry during the first three decades of the 
twentieth century. The widespread appreciation of the great industrial 
value of these subjects has led quite naturally to the need for a book 
on applied surface chemistry. "Surface Chemistry for Industrial 
Research," written by an author well qualified for the effort in this 
new direction, may be regarded therefore as a timely response to the 
demand for a monograph written "for people who know what is being 
done in their plant but wait to know why it is done in a certain way and 
whether it can be done better." As an exposition of the relevance of 
the fundamental principles governing surfaces to practical situations, 
however, the book seems best viewed as only partially successful. 

The general features of "Surface Chemistry for Industrial 
Research" are to be recommended; the pattern of the treatment of the 
subject is comprehensive, and the text is amply documented by 
references drawn from the full range of the international literature. 
The author's evident familiarity with the modern Russian publications 
on applied colloid science is especially valuable. Technically, the book 
is well illustrated; the device of subsection numbering makes for easy 
cross-reference. The exposition is characterized by its clear, terse 
style, and by the inclusion of many critical observations which reveal 
much acute thought. 

The discussion, when examined more closely, however, is found 
to be marred by the sometimes extreme unevenness in the relative 
emphasis given to the various aspects of the subject. This predomi¬ 
nant feature seems to result in part from the author's stated intention 
that the book contain a minimum of theory. Those sections dealing 
withthe measurement of surface tension may be used to exemplify this 
point. The convenient, accurate and industrially widely used ring, 
drop weight and pendant drop methods do not receive the kind of 
documented exposition essential for their use by the applied research 
worker. The excessive condensation of theory also results in an 
inadequate discussion of the celebrated Gibbs' adsorption theorem. 
This principle, because of its enormous importance in surface 
chemistry, would seem to merit a complete, modern, and rigorous 
ejqposltion even in a book on applications of the science. 
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On the other hand, those sections of the book dealing with the 
experimental evidence for the roughness of solid surfaces are quite 
good, and should go far to correct the academic tendency to regard 
such interfaces as smooth. Likewise, Chapter V, which is devoted 
to a discussion of the phenomena at solid>liquid>gas and solid-liquid- 
liquid, has been found most interesting and valuable. Although the 
bookprobably will not prove satisfactory if used as text, it will almost 
cert^nly be of use to advanced research workers, pure and applied, 
as a reference monograph. 

G. E. Boyd 
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’’Organic Chlorine Compounds.” Ernest Hamilin Huntress. Wiley, 
New York, 1948, xxv + 1443 pp., 27.50. 

It was by great good fortune that this excellent compendium 
came to hand in time for editing the manuscripts for the articles on 
organic chlorine compounds for the Encyclopedia of Chemical 
Technology, Volume 3. Dr. Huntress’ handbook proved extremely 
useful for our purpose, and this review is based largely on the real 
workout we gave the book. 

Although Dr. Huntress disclaims any characterization of his 
work as a specialized Beilstein, it does approach the German work 
in its much greater coverage than the earlier Huntress-Mulliken 
’ ’Identification of Pure Organic Compounds. ’' The new volume covers 
1320, but not all organic chlorine compounds of ’’Order HI” (compounds 
of carbon with chlorine, with chlorine and oxygen, with chlorine and 
hydrogen, and with chlorine, hydrogen, and oxygen). It gives abundant 
references, but not all references, even through 1945; only the more 
important references for 1946-1947 have been given in a ’’Memoran¬ 
dum” before the Introduction. The attention given comparable com¬ 
pounds sometimes varies surprisingly; thus methyl chloride is given 
slightly over one page, whereas ethyl chloride rates over ten pages. 
For vinyl chloride it is stated that no attempt was made to cover 
polymerization, polymers, or copolymers, whereas a few such ref¬ 
erences are given for vinylldene chloride. 

Perhapsthe classification by physical properties and the desig¬ 
nation of each compound by an arbitraiY ’’location number” meets the 
needs of analytical chemists, but we found it most annoying to have to 
look,for example, in four different parts of the book for the mono- and 
dichlorobenzenes.The headings for the pages (e.g., "Division B, Section 
2 ” on the left page if the name of a compound is in bold-face capitals 
on the page, and ’’Liquids with D|° <1.15”) are of no help to the 
average reader, who is not going to make a study of the elaborate 
system. Of real help, of course, are the five indexes, all giving 
’’location numbers”instead of page numbers:by empiricad formulas 
(essentially the Richter system, not beloved by all American chemists); 
by empirical formulas by percentage chlorine content; by empirical 
formulas by molecular weights; by 8 chemical types; and alphabetically 
by name (including synonyms). 

The use of many synonyms and of structural formulas are 
excellent features, since there is as yet no general agreement on 
preferred names. The names on the whole seem to be fairly well chosen 
and unambiguous; the use of the German ’’fore-and-aft” type of name 
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(as '*l-chloroheptyne-l")shouldnotconfuseanyoneusedtothe"fore** 
names approved by the International Union of Chemistry and preferred 
by Chemical Abstracts. In some cases the selections are puzzling: 
Why "Chloromethane," "chloroethene,” and "ethyl chloride"? The 
use of synonyms is really necessary in such cases. Position numbers 
are sometimes used when they are not needed, as in 1,1,2-trichloro¬ 
ethylene, but they do no harm. 

Under each compound prominence is given in boldface to 
Beilstein references (where available for the longer-known com¬ 
pounds), melting points, and boiling points, even though considerable 
space is often wasted because they are given in columns. The only 
other physical constants given regularly are specific gravity and 
refractive index. The listing of many values for constants without 
attempt at a really critical selection is no doubt a wise change from 
the earlier volume on compounds of' 'Order I, ’' but makes the selection 
of one value difficult for the nonexpert. Azeotropic mixtures seem to 
be covered thoroughly. 

Much space is saved by the use of abbreviations and of C for the 
compound in question - the latter a somewhat irritating device, but. 
perhaps justifiable. Subheadings in the longer sections greatly 
facilitate the location of material, but the overuse of brackets and 
parentheses and phrases like "see indie, refs." make for needless 
confusion.The attempted distinction between formation and preparation 
is not always clear cut, as the author points out. Extremely helpful 
are the notations about comprehensive reviews and important studies, 
and also the "negative entries" (statements about unreported reactions 
and compounds). 

The references are given in the abbreviated form of Chemical 
Abstracts, andthe inclusion of numerous patent references will please 
all those with any interest in technology. A commendable policy is 
the addition of references to Chemisches Zentralblatt and Chemical 
Abstracts where deemed helpful. But why use the abbreviation 
"Cent." for the old spelling "Centralblatt" instead of "Zent."or 
"C.Z." ? The oology for giving C. A. references for patents in 
addition to Zentralblatt references, or where the latter were not 
available, is quite understandable in view of the author's well-known 
partiality for the German abstract journal. The latter journal's 
abstracts of patents were indeed much fuller and better than C. A.'s 
for many years, but perhsq)s Dr. Huntress has not noticed the improve¬ 
ment in the C. A. patent abstracts in recent years. 

An exceedingly careful job of proofreading must have been done 
because glaring errors seem to be rare. The most serious errors 
encounteredinouruseof Dr, Huntress'book were under 3-chloropro- 
pene-1 (allyl chloride): The products of the reaction with benzene in 
the presence of sulfuric acid and of ferric chloride are reversed 
(p. 950), and the melting point of N-allylsaccharin is given as 58° 
instead of 98° (p. 951). 

Since the merits of this compilation far outweigh any disadvan¬ 
tages, it is highly recommended for purchase by all libraries and by 
all individual chemists interested in organic chlorine compounds. It 
should soon save the purchaser enough time to justify the outlay for it. 


Janet D. Scott 
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Water Content of Hydrophilic Phenol-Formaldehyde 
Resins: Vapor Pressure-Temperature Relationships 

RALPH W. BENTZ* and HARVEY A. NEVILLE, 
Department of Chemistry, Lehigh University, Bethlehem, Pennsylvania 


I. INTRODUCTION 

The large water content encountered during the preparation of 
the phenoplasts is due chiefly to the water originally present in the 
commercial grades of formaldehyde and phenol; however, a small 
amount is liberated by the chemic^ reaction. The phenol-formalde¬ 
hyde ratio, the amount of catalyst, and the time of reflux are con¬ 
trolled so that the resin remains hydrophilic (1) when this type of 
resin is produced for casting. The excess water is removed by 
vacuum dehydration at a later stage of the process. 

Condensation of the phenol and formaldehyde is slow in the 
absence of catalysts. Both acidic and basic materials may be used, 
the nature of the intermediate resin depending upon the choice of the 
catalyst. When an alkaline catalyst is used, the initial reaction pro¬ 
ducts are phenol alcohols which are referred to as resols; these 
materials are soluble and fusible. Upon the application of heat, the 
condensation advances with a resulting increase in the molecular 
weight to form resites, insoluble and infusible products. After the 
formation of methylol phenols, the course of the resinification reaction 
is not clear. These resin intermediate products react so rapidly and 
form such a multitude of final products that it has been impossible to 
isolate and identify them. 

Significance of the Water Content 

Cast resins owe their exceptional machinability and other 
remarkable physical properties such as impact, flexural, and tensile 
strength to their original hydrophilic character and the subsequent 
separation of the minute water droplets during the heat hardening (1). 
Just asfillers in the older phenolic molding powders relieved internal 
stresses and strains, so the presence of water droplets in cast resins 
gives a more stable and balanced system. As the hydrophilic sol 
gradually changes to a hydrophobic gel, water is released and remains 
as dispersed droplets entrapped in the gel structure. The heat-hard¬ 
ened end-product still contains particles of water of colloidal size 
ranging from 0.2 to 0.8 microns. The amount of water and its degree 
of dispersion critically affect the appearance and physical properties 
of the cured resin (2). 

‘Present address; Tennessee Eastman Corporation, Kingsport, Ten¬ 
nessee. 


673 



674 


R. W. BENTZ AND H. A. NEVILLE 


The economy factor also must be considered. The dispersed 
water droplets provide both opacity and improved physical properties 
without the aid of pigments and fillers and increase the yield (rf resin 
per given weight of the more expensive reactants. 

Object of this Research 

After reaction of the aqueous formaldehyde and phenol in the 
presence of dissolved sodium hydroxide as catalyst, the water con¬ 
tent of the resin is about 51%. During dehydration, it is desired to 
reduce this water content to about 14%. The previous discussion 
indicates the necessity of careful control of the amount of water and 
its degree of dispersion to obtain the optimum physical character¬ 
istics for the cured resite. 

A survey of available methods of water determination revealed 
a lack of reliable data and that these methods were too inconvenient 
and time consuming for a continuous process. 

Existing pfiysical methods (3) as the measurement of volume 
changes, refractive index and optical activity, specific gravity, 
absorption spectrum, viscosity, and electrical resistance were too 
dependent iqton such factors as degree of polymerization, composition, 
and temperature and only indirectly related to the water content. 
Analytical methods as distillation and weighing and chemical analysis 
were too slow for following a continuous process. Therefore, it was 
desirable to develop a simple, rapid, relative method for the continuous 
determination of water content which could be used to follow the 
process of dehydration and to detect the end-point (the degree of 
dehydration producing the best dispersion of water in the resin). In 
order to standardize the values of a relative method, it was necessary 
also to develop an absolute method for the determination of water in 
the liquid resin. 

Feith (4)presents an excellent literature survey of the significant 
methods for the determination of water content of phenolic resins imder 
different conditions. He briefly discusses twelve physical and chemical 
methods used in various branches of industry for the determination of 
the water content of a variety of products and points out why these 
methods are not !q)plicable to resols. 

n. EXPERIMENTAL PROCEDURES AND APPARATUS 
Preparation of the Resin 

100 g. of commercial phenol were mixed with 200.0 g. of com¬ 
mercial 37% formaldehyde solution and 12.0 g. of a 25% solution of 
sodium hydroxide. The mixture was refluxed for 17 minutes, neutral¬ 
ized and acidified to a pH of 4.5 by the addition of approximately 19.5 
g. of a 51% lactic acid solution. After acidification it was dehydrated 
at a pressure ranging from 50 to 30 millimeters of mercury add a 
temperature of SO'C. in order to remove the excess water and other 
volatile matter. The dehydration required from 1.7 to 2.5 hours, 
depending iq>on the vacuum available and the amount of volatile 
matter to be removed. Throughout the dehydration, frequent measure¬ 
ments were made to follow the process and to detect the exact end¬ 
point. Any modifications of this procedure are recorded in Section m. 
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Method of Measurement 

The methods investigated for following the process of dehyd¬ 
ration, detecting the end-point, and determining the absolute water 
content of the resol were: (a) electrical resistance measurements; 
(b) dielectric constant measurements; (c) vapor pressure-temperature 
measurements; (d) reaction of the water with calcium carbide; 
(e) solvent extraction of the water; (f) volatilization of the water; and, 
(g) Karl Fischer reaction. 

Electrical resistance and dielectric constant measurements 
were unsatisfactory as continuous methods of followingthe dehydration 
process. Four methods for the absolute determination of water in a 
resol were investigated. The method using calcium carbide failed 
due to the necessity of reducing the viscosity of the resol, by the 
addition of some organic solvent, to enable chemical reaction to occur; 
the liberated acetylene gas was too soluble in the available solvents. 

V^or Pressure-Temperature Measurements 

The 24 pparatus Illustrated in Figure 1 for the determination of 
vapor pressure-temperature relationships consisted of a one-liter, 
three-necked, round-bottomed flask in which were inserted a vacuum- 
sealed stirrer, thermometer, and a two-way vacuum attachment. 
Surrounding the flask was a constant temperature water bath. 



Regulator 

Fig. 1. Apparatus for vapor pressure-tenperature neasurenents. 

The stirrer maintained a imiform temperature throughout the 
resin. One outlet of the vacuum attachment passed through a conden¬ 
sation trap to a mercury manometer. The trap was surrounded by 
an ice bath and condensed any volatile vapors that might have con¬ 
taminated the mercury of the manometer. The second outlet of the 
vacuum attachment passed into a five gallon carboy to which also was 
connectedawater aspirator and an automatic, bleeder-type, pressure 
regulator. The aspirator was capable of reducing the pressure of the 
system to about 30 millimeters of mercury. The carboy was a buffer 
reservoir to minimize the effects of the bleeder-valve pulsations on 
the manometer fluctuations. 

Whenever the pressure of the system became too low, the 
regulator bled air into the system to maintain any pressure for which 
it was set. Setting the relator was a simple operation. When the 
pressure had increased sufficiently (as indicated by the mercury 
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level of the manometer), the level of the mercury in the lower trap 
of the regulator was adjusted so that a seal was just made with the 
opening of the tapered tip of the right-hand tube. Therei 4 >on, the 
stopcock of the mercury reservoir was closed, and the lower trap 
cut off suction of air through the right-hand tube of the regulator and 
into the system. If the pressure became too low, mercury rose in 
both tubes of the regulator to depress the level in the lower trap and 
open the right-hand tube to the atmosphere. Air entered the system 
through the right-hand tube until the pressure again increased suf¬ 
ficiently that the mercury level in the lower trap of the regulator was 
restoredto its original position. The regulator maintained a constant 
pressure within about 4 millimeters of mercury. 

Five glass stopcocks were inserted, as illustrated in Figure 1, 
to permit isolation of various parts of the system and to facilitate 
breaking the vacuum. 

The apparatus was used to measure the dynamic vapor pressure 
at constant temperature. The resin solution was put into the previously 
described flask, and the temperature of the surrounding water bath 
was maintained between 80 and 85°C. The stirrer was adjusted to 
provide adequate agitation to ensure uniform temperature throughout 
the resin solution. The solution was dehydrated as rapidly as possible 
at as low a pressure as could be obtained with the water aspirator, 
50 to 30 millimeters of mercury. At regular intervals, the system 
was opened to atmospheric pressure and the resin temperature per¬ 
mitted to rise to 80°C. During this time, a sample was removed for 
the determination of the absolute water content by another procedure. 
Then the automatic pressure regulator was connected into the system 
and the pressure was slowly decreased until the solution began to 
boil. Since at the boiling point of a solution its vapor pressure equals 
the external pressure, a manometer reading provided the vapor 
pressure of the resin at that stage of dehydration. By closing the 
appropriate stopcock, the pressure regulator again was cut out of the 
system and the dehydration was continued as rapidly as possible. 
Periodically, the procedure was repeated until dehydration was 
completed. 

In order to calibrate the relative vapor pressure-temperature 
method, it was necessary to have some absolute method for the 
determination of water in the liquid resin. The solvent extraction, 
volatilization, andJCarl Fischer methods were applicable. 

Solvent Extraction Method 

A Dean-Stark extraction trap type of apparatus was used. The 
distillation flask was immersed in an oil bath to obtain uniform 
distribution of temperature. ToSOg. ofthe resol, a mixture of 90.0 g. 
of cinnamyl alcohol and 30.0 g. of toluene was added. The solution 
wasextractedfrom3to9 hours until a constant reading was obtained. 
However, a qualitative analysis ofthe extract revealed not only water, 
but also formaldehyde and formic acid to be present. Therefore, it 
was necessary to analyze the extract to determine its true water 
content. 

The extract was analyzed for per cent water by the Karl Fischer 
method, per cent formaldehyde by the hydroxylamine hydrochloride 
method (5), and per cent formic acid by an acid-base titration. The 
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per cent total extract was checked on the original liquid resin by the 
volatilization method. 


Volatilization Method 

A small glass stirring rod and approximately 10.0 g. of sand 
were added to a 2-1/2 inch diameter pan. The pan and sand were 
dried 48 ho\irs at 130°C. to e3q>el all moisture and other volatile 
matter,cooledinadesiccator, and accurately weighed. From a glass 
weighing bottle, an accurately weighed sample of resol, between 0.5 and 
1.0 g. was added to the sand. Approximately 3.0 milliliters of anhydrous 
methanol were added to thin the resol and permit more intimate mix¬ 
ture with the sand. The resol, sand, and methanol were mixed thorough¬ 
ly with the aid of the stirring rod. The pan was returned to a convection- 
tjrpe oven and again baked at 130°C. until a constant weight was obtained 
in 72 to 120 hours. Then it was removed, cooled in a desiccator, and 
weighed. The per cent total volatile was calculated. For each sample, 
two determinations were made and their average value was recorded. 

The per cent total water was calculated by multiplying the per 
cent total volatile by a factor obtained from the analysis of the dis¬ 
tillate from the extraction method; the factor varied with the total 
volatile content of the resol and had to be determined for each stage 
of the dehydration. 

A number of articles have been published on the application of 
oven dehydration, vacuum-oven dehydration and the effects of temp¬ 
erature uponthe water content of resins (4,6), sugars (7), starches (8), 
wheat andflour (9), cereals (10), coal (10), proteins (10), and cellulose 
p^ers (10). 


Karl Fischer Reaction 

Two automatic reservoir burettes, fitted with dehydrite drying 
tubes, were placed so that their tips entered snugly fitting holes of a 
Bakelite jar esq); one burette contained Karl Fischer reagent and the 
other standard water-in-methanol solution. The Bakelite cap was also 
drilled to accommodate two platinum electrodes. The cap was of a 
size adapted to 250 milliliter Berzelius beakers; consequently, the 
beakers could be removed and replaced easily and quickly with 
minimum e)q)osure to the moisture of the air. A magnetic stirrer 
provided agitation. The end-point of the titrations was detected with 
the aid of the commercial model Serf ass Titration Unit which employed 
an electron ray or "electric eye" tube. 

An accurately weighed sample of resol was transferred from a 
weighing bottle into a dry ?50 milliliter Berzelius beaker. The weight 
of the sample was varied according to its approximate water content 
in order to provide a convenient titration. From a third automatic 
reservoir burette fitted with a drying tube, 40 milliliters of commer¬ 
cial, anhydrous methanol was added to the beaker. The anhydrous 
alcohol dissolved the resol and provided a liquid medium in which to 
immerse the platinum electrodes. The beaker then was placed into 
position in the previously described ^paratus. 

An excess of the reagent was added to the weighed sample; and 
then the excess was titrated with standard water-in-methanol solution 
until the free iodine color disappeared. The method is applicable to 
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both liquids and solids containing as low as a few tenths per cent 
water. Thisprocedure for per cent water was ^plied not only to the 
liquid resin but also to the distillate obtained in the extraction pro¬ 
cedure. 

There are several excellent references discussing the prepara¬ 
tion and stability of the Karl Fischer reagent (11,12), the chemical re¬ 
action (11,12), a detailed decription of the apparatus (11,12) and the 
accuracy of the procedure (11). Applications of the Karl Fischer 
reaction to resols (4), resites (12), hydrated salts (13), cellulose 
products (14), and a general class of liquids and solids (11) are avail¬ 
able. 


in. EXPERIMENTAL DATA AND DISCUSSION 

Vapor Pressure-Temperature Measurements 

The composition of a homogeneous mixture of liquids is reflected 
by vsqpor pressure-temperature relationships. When the external 
pressure was held constant, the boiling temperature of the resol 
provided a reliable indication of the extent of dehydration. When the 
temperature was held constant, the v^or pressure of the resol 
indicated the extent of dehydration. 

Several runs were made holding the external pressure constant 
and measuring the variations in boiling temperature throughout the 
dehydration. A very sharp increase in the slope of the temperature 
curve occurred at approximately the point of correct dehydration. 
Several runs also were made holding the temperature constant and 
measuring the variations in the viq>or pressure of the resol as 
dehydration progressed. A very sharp decrease in the slope of the 
vapor pressure curve occurred at approximately the point of correct 
dehydration. 

Although both methods appeared suitable to detect the point of 
correct dehydration, vapor pressure variations at constant tempera¬ 
ture seemed the more satisfactory. During dehydration the v^or 
pressure at 80°C. changed about 350 millimeters of mercury; the 
boiling temperature at 40 millimeters of mercury changed only about 
60°C. Consequently, as acontrolprocedure, vapor pressure measure¬ 
ments would require less sensitive equipment and provide greater 
accuracy than temperature measurements. 

The sharp decrease in the slope of the vapor pressure curve is 
easily explained. Originally the resol contains a large amount of 
"free" water which is readily liberated; at this stage the vapor pres¬ 
sure of the resol is essentially that of liquid water. As dehydration 
progresses, larger percentage of the remaining water is bound to the 
resin to form hydrous molecules. Energy is required to liberate this 
"bound" water.Consequently the v^or pressure of the resol decreases 
with decreasing water content, and the curve undergoes a sharp in¬ 
crease in slope when only the "bound" water remains. The end-point 
of dehydration falls along the steepest part of the v^or pressure curve 
where a slight decrease of water content causes a great decrease in 
vapor pressure. 

To determine the point of correct dehydration, one merely main¬ 
tains a constant temperature and measures the vapor pressure 
throughout the process by means of an automatic recording gage. When 



HYDROPHIUC PHENOL-FORMALDEHYDE RESINS 


679 


the existing vapor pressure agrees with the standard value for the 
specified temperature, the batch is properly dehydrated. 

The vapor pressure of the resol at six separate temperatures 
was determined at various stages throughout the dehydration. The data 
are recorded in Table I and illustrated by Figure 2. E xami nation of 
Figure 2 reveals: 

1. At corresponding temperatures, the v^or pressure of the resol 
was: 

a. higher than the vapor pressure of pure water at the start 
of dehydration. 

b. equal to that of water midway through the dehydration. 

c. far below that of water at the end of dehydration. 


TiffilE I. Vapor Pressure-Temperature Measurements (Catalyst, 
9.0 g. of 2^ Na(® Solution; Condensation Time, 20 
minutes) 


Total volatile, ^ 

Temperature of 
resol, ®C. 

Vapor pressure 
of resol, mm. Hg. 


70 

275 


75 

315 


76 

352 


79 

422 


82 

442 


85 

472 

36.9 

70 

252 


75 

282 


76 

352 


79 

405 


82 

472 


85 

482 

^0,9 

70 

217 


75 

267 


76 

307 


79 

557 


82 

372 


35 

422 


70 

142 


75 

162 


76 

187 


79 

222 


82 

292 


85 

522 

IJ.k 

70 

122 


75 

142 


76 

172 


79 

182 


82 

190 


85 

202 

16.5 

70 

87 


73 

82 


76 

82 


79 

82 


82 

92 


85 

82 
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2. The point of correct dehydration fell along the steepest part of 
the vapor pressure curve, making it very easy to detect the 
correct end>point by vapor pressure measurements. 

3. The curves for different temperatures were rather evenly spaced 
at the start of dehydration and gradually converged to a point at 
a vapor pressure of 82-92 millimeters of mercury and a total 
volatile content of 16.5%. This seemed to substantiate the theory 
of a hydrous resin molecule and indicated 16.5% total volatile or 
11.7% total water to be molecular ly bound by the resin when 6.0 g. 
of sodium hydroxide solution were used as a catalyst. Probably, 
82-92 millimeters of mercury represented the v:y)or pressure of 
the resol containing 11.7% molecularly bound water. 

4. ^parently, the vapor pressure of the hydrous resin was not 
very sensitive to minor temperature differences. 



Fig. 2. Vapor pressure-tenperature 
neasurenents (data of Table I). 


Since the amount of "boimd” water and the final vapor pressure 
of the hydrous resin depend somewhat upon the chain len^h of the 
polymer, the final vapor pressure should vary slightly with the amount 
of catalyst andthe time of condensation. The data recorded in Table n 
and Figure 3 serve to illustrate the dependence of the final vapor 
pressure upon the degree of polymerization. The curves for 75 TJ. 
and 85°C. converged at a v^or pressure of 94 millimeters of mercury 
and a total volatile content of 14.9%. This indicated 14.6% total 
volatile or 10.6% total water to be molecularly bound by the resin 
when 12.0 g. of sodium hydroxide solution was used as a catalyst. 
A decrease in final water content of 1.1% was obtained by increasing 
the amount of catalyst (25% sodium hydroxide solution) 3.0 g. per 100 g. 
of phenol. 

Slight variation of the final v^or pressure and water content 
with degree of polymerization does not lessen the value of v: 4 [>or 
pressure-temperature measurements as a means of detecting the 
correct end-point of dehydration. Apparently, maximum stability 
of the cured resin depends primarily upon a minimum amount of 
"free" water in the resol at the casting stage, and not upon the total 
water content of the resol. Since the vapor pressure-temperature 
method bases the end-point of dehydration iqpon the vapor pressure 
of the hydrous resin rather than the total water content of the solution. 




HYDROPHILIC PHENOL-FORMALDEHYDE RESINS 681 


minor variations in degree of polymerization are automatically com¬ 
pensated. 

Several determinations were made to prove the reliability of 
v^or pressure-temperature control as a means of reproducing an 
exact end-pdint of dehydration. The data are recorded in Table m. 
Vapor pressure-temperature control of the dehydration of four sep¬ 
arate samples resulted in a mean value of 18.6% total volatile, an aver¬ 
age derivationfrom the mean of 0.25%, and a relative precision of 1.4%. 



Fig. 3. Vapor pressure*temperature 
measurements (data of Table II). 


TABLS II. Vapor Pressure-Temperature Measurements (Catalyst, 
12.0 g. of Na(H solution; Condensation Time, 20 
minutes) 


Total volatile, $ 

Temperature 
of resol, ®C. 

Vapor pressure 
of resol, ram. Hg. 

59.5 

75 

523 


85 

496 

52-7 

75 

297 


85 

458 

1+5.9 

75 

321 


85 

441 

58.0 

75 

267 


85 

380 

31+.2 

75 

270 


85 

361 

27.7 

75 

24l 


85 

367 

21.9 

75 

186 


85 

176 

18.7 

75 

119 


85 

186 

14.9 

75 

94 


85 

94 

14.9 

75 

Hesin was about to 


85 

gel; it stalled the 
stirring motor. 
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TABEE III. Vapor Pros sure-Tengiorature Method 





Dehydration 


Volatile 

Sample 

No. 

Wt. of 
resol before 
dehydration, 

g- 

Wt. of 

volatile 

removed, 

g- 

Bi 

Hesol 
vapor 
pressure, 
mm Hg. 

Time of 
dehydra¬ 
tion 

remaining 

after 

dehydration, 

i 

1 

1000.0 

'+59.9 

80 

80 

2 hr., 

15 min. 

18.55 

2 

1000.0 

455.9 

80 

80 

1 hr., 
min. 

16.87 

5 

1000.0 

464.7 

80 

80 

2 hr., 

20 min. 

18.93 

1+ 

1000.0 

465.6 

80 

80 

1 hr., 

50 min. 

18.25 


Solvent Extraction Method 

Common methods of extraction (4) employing solvents such as 
xylene, toluene, and benzene were not applicable to resols; the resol 
polymerized to a solid state and entrapped part of the water. 

To prevent solidification of the resin and enable all of the water 
to escape, a special blend of two solvents, cinnamyl alcohol and 
toluene, was used as the extraction medium. Since both solvents were 
immiscible with water, possible azeotrope formation presented no 
difficulty. As any azeotropic distillate cooled in the extraction trap, 
both solvents separated from the water layer and enabled the reading 
of the true water content. 

Water, formaldehyde, and acid totaled about 95% of the extract. 
The remaining 5% might be accounted for by either analytical errors 
or the presence of small amounts of other components such as phenol, 
methanol, and the high boiling solvent. 

The experimental data indicated the necessity of using the term 
total volatile rather than total water to express the results obtained 
by the extraction and volatilization methods. At the end of dehydration, 
the per cent total volatile as determined by either method was found 
tobe approximately 71% total water; however, the actual water content 
of the total volatile varied and had to be determined at each stage of 
dehydration. Theoretically (15), the excess monoformaldehyde present 
in the resol polymerizes at the low temperatures of the initial stages 
of the vacuum dehydration process; the low vapor pressure of the 
polymerized formaldehyde causes the initial distillate to contain a 
high percentage of water. As dehydration progresses and "free" 
water is removed, the temperature increases sufficiently to decom¬ 
pose the polymerized formaldehyde to the monoformaldehyde; the high 
vapor pressure of the monoformaldehyde causes the final distillate to 
contain a lower percentage of water. Consequently, there is a gradual 
change in the water content of the total volatile matter present in the 
resol at successive stages of dehydration. 

Volatilization Method 

The volatilization method is applicable only to determinations 
where the time factor is of no consequence. Although this method 
cannot be applied to production processes, it was satisfactory for 
calibrating the vapor pressure-temperature method. 
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There was some doubt as to what temperature to specify for the 
volatilization method. By checking the composition of the volatile 
product and by correlating the per cent volatile as determined by the 
volatilizationmethod, extraction method, and the Karl Fischer method, 
it appeared that ISO’C. was the most suitable temperature for the 
volatilization method. 


Karl Fischer Reaction 

Feith (4) favors the Karl Fischer method above all others because 
the resol is entirely soluble in methanol at room temperature and no 
heat treatment is required. Several resols, analyzed by this method, 
showed comparable results in parallel tests. However, in all cases 
thevaluesweremuchtoolowin comparison with other methods. This 
wasattributedtothebindingof part of the water by the resol molecules 
preventing its reaction with the iodine solution. By r^luxing the resol 
with anhydrous methanol, Feith attempted to extract the presumably 
"bound" water and make it accessible for reaction with the Karl 
Fischer reagent. Refluxing the anhydrous methanol gave an increased 
water content compared with the cold method of analysis. This 
confirmed the hypothesis that part of the resol water was tightly bound. 
At the boiling point of methanol, BS^C., practically no "after conden¬ 
sation" of the resol took place and no water formation due to additional 
polymerization occurred. 

Feith encouraged the belief that the Karl Fischer reagent 
determined only the "free" water in the resol and that to determine 
the "bound" water it was necessary to use an extraction procedure. 
The volatilization and extraction methods measured the total volatile 
("free" water, "bound" water, and other volatile matter). A properly 
dehydrated resol was analyzed for total volatile and "free" water 
content. The results were: 


Total Volatile: 

Extraction method with cinnamyl alcohol.22.0% 

Volatilization method at 130°C. 21.7% 

"Free" Water: 

Karl Fischer reagent. 4.5% 


It was desired to show the relationships of vapor pressure, "free" 
water, and "bound" water throughout the dehydration process. Vapor 
pressure was determined by the dynamic method; total volatile by the 
volatilization method at 130°C., total water by the extraction method 
and analysis of the extract; and "free" water by the Karl Fischer 
method. The summarized results are recorded in Table IV and 
illustrated in Figure 4. 



Fig. 4. Total volatile, total 
water, free water, bound water, 
and vapor pressure durlnghydra- 
tlon(data of Table IV). 
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That is, analysis of the resol, condensed 17 minutes and de¬ 
hydrated to a vapor pressure of 43 mm. of Hg at 80°C., revealed: 

Total volatile,%.20.1 

Total water,%. 14.3 

Free water,%. 4.9 

Bound water,%.9.4 

Although not all of the "free" water was removed, it was reduced to a 
minimum. 

TABUS IV. Total Volatile, Total Water, Tree" Water, "Bound" Water, 
and Vapor Pressure at Successive Stages of Dehydration 

Total volatile 

Vapor Volatili- Sxtrac- Water 


Sample 

No. 

pressure 
at 80®C., 
mm. 

zation 

method, 

i 

tion 

method, 

$ 

in 

extract, 

i 

Total 

water, 

r 

Free 

water. 

Bound 

water 

i 

1 

325 

57.1 

57-5 

88.6 

50.6 

41.2 

9.4 

2 

326 

1^2.8 

1^5.0 

82.2 

35.2 

26.5 

8.9 

5 

236 

28.8 

29.2 

73. 

21.1 

12.0 

9.1 

h 

^^3 

20.1 

20.7 

71.0 

14.5 

4.9 

9.4 


"Calculated from the per cent total volatile, as determined by 
the volatilization method, and the per cent water in the total 
volatile, as determined by a Karl Fischer titration of the 
distillate from the extraction method. 


The very low vapor pressure of the re sol at the end of dehydration 
might be attributed to the hydrous resin, and to the small amount of 
"free" water saturated with resin. Considering Raoult's law for 
the lowering of the vapor pressure of a volatile solvent by the addition 
of a nonvolatile solute, it is evident that the vapor pressure of the 
"free "water of containing such a high concentration of resin would be 
very low. Consequently, it wouldbe inmractical to remove all of the 
"free" water at the dehydration temperature employed. 

Discussion of "Free" and "Bound" Water 

The several experimental methods pursued in the investigation 
indicate the existence of both "free" and "bound" water in the hydro¬ 
philic resol at the casting stage. The "free" water was easily deter- 
minedby a r^id Karl Fischer titration. The "boxmd" water had to be 
liberated by a dehydrating solvent or by an extraction procedure before 
it would react with the Karl Fischer reagent. 

As previously mentioned, the condensation of formaldehyde and 
phenol in the presence of a basic catalyst produces a methylol phenol 
derivative. The -Cj-H radical is capable of holding two water mole¬ 
cules by hydrogen bonding. In addition, the -p[-H radical also can hold 
an indefinite number of water molecules by electromagnetic attractions 
between the free electrons of the hydroxy o^^gen atom and the hydrogen 
of the highly polarized water molecule. 

The "boimd"water accountsforthetransparency of the hydrous 
resol. Further polymerization during the cxiring of the cast resin 
causes the enlarged molecules partially to lose their powers of hydro¬ 
gen bonding and adsorption. Water of constitution also is liberated by 
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the conversion of methylol groups to methylene linkages. Partial loss 
of the "bound" water accounts for the development of opacity; the less 
hydrous resite and the "free" water have widely different refractive 
indices. The rigid structure of the hydrophobic or fully polymerized 
resin encloses and retains the dispersed droplets of "free" water, 

IV. SUMMARY 

The significance of the water content to the physical properties 
of phenol-formaldehyde resins at various stages of preparation is 
briefly discussed. Available methods for the determination of water 
in such resins were found to be either unreliable or too elaborate 
for process control. We undertook to develop a simple, r^id, 
relative method for the continuous measurement of water content 
which can be used to follow the process of dehydration and to Indicate 
the end-point which will result in the best dispersion of water in the 
cured resin. In order to standardize or calibrate such a relative 
method, it was necessary also to develop an absolute method for the 
analysis of water in the resol. 

The composition of a homogeneous mixture of liquids is reflected 
by its vapor pressure-temperature relationships. During dehydration 
at 80°C., the vapor pressure of the resol decreases about 350 ml. of 
mercury. A very sharp increase in the slope of the vapor pressure 
curve occurs at approximately the proper degree of dehydration. At 
this stage a slight decrease in water content causes a very large 
decrease in vapor pressure. The sharp inflection in the curve is 
attributed to the existence of both "free" and "bound" water in the 
resin. 

Vapor pressure measurements at a constant temperature have 
the following advantages; (a) Apparatus is inexpensive, (b) Operation 
is simple and rapid, (c) Measurements are practically independent of 
salt effects and small concentration variables, (d) Method is especially 
applicable to hydrophilic phenol-formaldehyde type resins. It depends 
primarily upon the "free" water content of the resol. (e) Large 
changes inthe vapor pressure of the resol during dehydration make it 
very easy to detect the correct end-point. 

Since the vapor pressure-temperature method bases the end-point 
of dehydration upon the vapor pressure of the hydrous resol rather than 
the total water content of the solution, minor variations in degree of 
polymerization are automatically compensated. Vapor pressure- 
temperature control of four separate batches of resin resulted in a 
mean value of 18.6% volatile, an average deviation from the mean of 
0.25%, and a relative precision of 1.4%. 

The solvent extraction method is £q>plic able to the determination 
of total volatiles in the resin. It is necessary to use a special extraction 
mixture composed of cinnamyl alcohol and toluene to prevent solidifi¬ 
cation of the resol during reflux. Analyses of the extracts revealed 
thetotalvolatiletocontainwater,formaldehyde, and formic acid. The 
volatilization method at 130°C. also is applicable to the determination 
of total volatiles in the resol and these analyses agree well with those 
obtained by the extraction method. The volatilization method was used 
to calibrate the vapor pressure-temperature method. The Karl Fischer 
methodprovidesameansof measuring the "free" water in the resin. 
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Total water as determined by the extraction and volatilization methods 
minus ’’free" water as determined by the Karl Fischer reaction 
provides a measure of the amount of "bound" water held by the 
hydrous resol. 

During the process of vacuum dehydration of the resin, while 
the "free" water decreases to approximately one-eight of its original 
content, the "bound" water remains substantially constant. The 
binding of water is attributed to the methylol groiqps of the resol 
molecules, and its release during the cure or hardening of the resin 
is considered to result from the conversion of these groups to methyl¬ 
ene linkages. 
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Synopsis 

The significance of the water content to the physical properties 

of phenol-formaldehyde resins at various stages of preparation is 
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briefly discussed. Available methods for the determination of water 
in such resins were found to be either unreliable or too elaborate for 
process control. It was undertaken to develop a simple, rapid, 
relative method for the continuous measurement of water content 
which can be used to follow the process of dehydration and to indicate 
the end-point which will result in the best dispersion of water in the 
cured resin. In order to standardize or calibrate such a relative 
method, it was necessary also to develop an absolute method for the 
analysis of water in the resol. 

The composition of a homogeneous mixture of liquids is reflected 
by its vapor pressure-temperature relationships. During dehydration 
at 80°C.,the vapor pressure of the resol decreases about 350 mm. of 
mercury. A very sharp increase in the slope of the vapor pressure 
curve occurs at ^proximately the proper degree of dehydration. At 
this stage a slight decrease in water content causes a very large 
decrease in vapor pressure. The sharp inflection in the curve is 
attributed to the existence of both'”free” and ’’bound” water in the 
resin. 

During the process of vacuum dehydration of the resin, while the 
’’free” water decreases to approximately one-eighth of its original 
content, the ’’bound” water remains substantially constant. The binding 
of water is attributed to the methylol groups of the resol molecules 
and its release during the cure or hardening of the resin is considered 
to result from the conversion of these groups to methylene linkages. 


Resume 

L’influence de la teneur en eau sur les propriet^s physiques 
des r^sines phenol-formaldehyde, au cours des differents etages de 
la preparation, est brievement discutee. Les methodesdisponibles 
pour le determination de I’eau dans de telles r^sines sont, soit peu 
sures, soittropcompliqueespour im precede de controle. Le auteurs 
ont essaye de dlvelopper une methode relative et simple, a la fois 
rapide,pour lamesurecontinuelledela teneur en eau, afin de pouvoir 
suivre le proced^ de deshydratation et d’indiquer le point final, qui 
correspondra a la meilleure dispersion de I’eau dans la resine 
preparee. En vue de standardiser et calibrer une telle methode 
relative, il a d’abord fallu developper une methode absolue pour 
I’analyse de I’eau dans un resol. La composition d’un melange 
homog^ne de liquides est indiquee par ses courbes de tension de 
vapeur en fonction de la temperature. Durant la deshydratation 
80'’C., la tension devapeurdu resol decroit d’environ 350 millimStres 
de mercure. Une augmentation tres prononc6e de la tangente de la 
courbe de tension de vapeurs se presente approximativement au 
degre de deshydratation adequat. A cette €tage, une faible diminution 
dans la teneur en eau entraine une diminution tres considerable de la 
tension de^ v^eur. L’inflection nette, que mainfeste la courbe, est 
attribuee a I’existence, k la fois, d’eau ’’libre” et d’eau ”liee” au 
sein de la resine. Durant la deshydratation de la resine sous 1’in¬ 
fluence du vide, la teneur en eau ’’libre” diminue jusqu'!q)proximative- 
ment lehuitiemede la teneur en eau initiale; la teneur en eau ’’liee” 
reste pratiquement constante. La liaison de I'eau est attribuee aux 
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groupes m^hyloliques des molecules de r^sol, et sa diminution, au 
coursdelapriparationoudu durcissement de la r^sine, est attribute 
a la transformation de ces groiq>es en ponts mlthyl^niques. 


Z usammenfassung 

Die Bedeutung des Wassergehaltes in Bezug auf die physikali- 
schenEigenschaftenvonPhenolformaldehyd'Harzen in verschiedenen 
Stufen ihrer Bereitimgwirdkurz eroertert.Die existierendenMethoden 
fuerdieWassergehaltsbestimmunginsolchen Harzen waren entweder 
unzuverlaessig Oder zu schwierig fuer Kontrollzwecke. Es wurde 
versucht, eine einfache, schnelle, relative Methode zur ununterbro- 
chenenWassergehaltsbestimmungauszuarbeiten, mit deren Hilfe der 
Dehydrierungsprozess verfolgt werden kann und der Endpunkt, der 
der besten Zerstreuung des Wassers im gehaerteten Harze entspricht, 
gefunden werden koennte. Um eine derartige relative Methode zu 
standardisieren und kalibrieren, war es notwendig, eine absolute 
Methode fuer Wasseranalysen in diesen Harzen zu finden. 

Die Zusammensetzung homogener Fluessigkeitsmischungen 
wirkt auf die Dampfdruck-Temperatur Beziehungen ein. Waehrend 
derDehydrierungbei80°C.nimmt der Dampfdruck eines Resolharzes 
um ungefaehr 350 mm. Quecksilber ab. Eine ploetzlicheVeraroes- 
serungindem Abhang der Dampfdruckkurve findet imgefaehr bei dem 
richtigenDehydrierungsgradestatt. Auf dieser Stufe verursacht eine 
kleine Verringerung des Wassergehaltes eine sehr grosse Verringe- 
rungdesDampfdruckes. Die scharfe Biegund in der Kurve wird dem 
Vorhandenseinvonsowohol ”freiem*'als such ”gebundenem"Wasser 
zugeschrieben. 

Waehrend der Vakuumdehydrierung des Harzes nimmt das 
"freie" WasserbiszueinemAchtel des urspruenglichen Gehaltes ab, 
das "gebundene" Wasserbleibtunveraendert. Die Bindung des Was¬ 
sers wird den Methylolgruppen der Resolmolekuelen zugeschrieben, 
und das Frei-werden waehrend der Harzverhaertung wird als eine 
Folge der Umwandlung dieser Gruppen zu Methylenquerverbindungen 
angesehen. 
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Koresin and Related Resins' 

C. S. MARVEL, ROBERT J. GANDER, and R, R. CHAMBERS, ‘ 
Noyes Chemical Laboratory, University of Illinois, Urbana, Illinois 


The German tacklfier for butadiene-styrene type synthetic 
rubber called Koresin has been the subject of several commimlcatlons 
duringthe last two years (1-6), and there is still some question con¬ 
cerning Its structure. It Is a condensation product of acetylene and 
p-tert-butylphenol prepared In the presence of zinc naphthenate and 
seems to be best represented by Formula I. 



We had occasion to work on this tacklfier during late 1944 and 
early 1945. A sample of the German product was furnished to us by 
Dr. R. F. Dunbrobk, then Chief of the Copolymer Research Group of 
the Office of Rubber Reserve. It was at first thought that the product 
was an acid-catalyzed polymer from formaldehyde and p-tert-butyl- 
phenol. Then Dr. Miller Swaney of Esso Laboratories suggested to 
us that this resin might be made from acetaldehyde and tert-buty Iphenol 
Inthe presence of acid. This suggestion led us to study the formation 
of a series of resins from p-alkylphenols and aliphatic aldehydes. 
These resins were evaluated as tacklfiers through the courtesy of 
Dr. J. N. Street by the research group at The Firestone Tire and 
Rubber Company.* 

We also made extensive studies of the ultraviolet and Infrared ab¬ 
sorption spectra of Koresin and of the resins from aldehydes and 
phenols. There was a very close correspondence between these 
series, and we believe these data support Formula I for Koresin. The 

'This investigation was carried out under the sponsorship of the Office 
of Rubber Reserve, Reconstruction Finance Corporation, in connection 
with the Government Synthetic Rubber Program. 

“Allied Chemical and Dye Corporation Fellow, 1944-1945. 

*We are Indebted to Dr, O. D. Cole and Mr. L. A. Flckes (private 
communicationthroiighthe Office of Rubber Reserve, i^rll 25, 1945) 
for permission to Include in this communication the tacklfier ratings 
which they have determined for the polymers which we are reporting. 
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principal difference between Koresin (Fig. 1) and the tert-butylphenol- 
acetaldehyde polymer (Fig. 2) was the presence in the infrared pattern 
of Koresin of some aliphatic double bond absoxption (10.1 /t andll.O/i). 
This would appear to mean that Koresin has a vinyl end-group, 
-CHsCHg, whichisnotpresent inthe acetaldehyde polymer.* A band 
which was tentatively assigned to an aryl groiqp at 12.20/i is less 
pronounced in Koresin than in the acetaldehyde polymer, and the OH 
bands at 2.9/a inKoresinandatS.O/A in the acetaldehyde resin indicate 
a significant difference in hydrogen bonding in the latter polymer. 

We were supplied with a sample of resin prepared from p-tert- 
butylphenol and acetylene in the presence of potassium hydroxide as a 
catalyst.* This material showed almost no activity as a tackifier 
(rating 1) although its molecular size (700-800 mol. wt.) was in the 
range usually effective. It is therefore interesting to note that its 
infrared absorption (Fig. 3) is very similar to that of Koresin except 
forthe absenceof the very strong hydroxyl band at 2.90/a which appears 
in the Koresin spectrum. These results suggest the importance of the 
hydroxyl groups in the tackifier activity of Koresin. Koresin also has 
bands of medium intensity at 8.15/a and 9.21/a and a weak band at 
10.11/A which are not present in the alkali-catalyzed polymer. The 
polymer from crotonaldehyde and p-tert-butylphenol gives an infrared 
pattern (Fig. 4) similar to those of Koresin and the acetaldehyde 
polymer. 

Ultraviolet absorption also indicated that Koresin and various 
tert-butylphenol-aliphatic aldehyde resins have very similar struc¬ 
tures. Figure 5 compares the ultraviolet absorption of Koresin 
(curve 1) with those of a p-tert-butylphenol-formaldehyde resin 
(Arofene 775®) (curve 2), acetaldehyde resin (third entry in Table II) 
(curve 3), propionaldehyde resin (curve 4), and crotoneddehyde resin 
(curve 5).’ 

Since the resin prepared from acetaldehyde and p-tert-butyl- 
phenol showed some promise as a tackifier for GR-S (2), we prepared 
a nxunber of other phenol-aldehyde polymers, and these are described 
in the ejqperimental part. None of the phenol-aldehyde resins appeared 
to equal Koresin as a tackifier although in many cases they did show 
promise. 

The phenol-aldehyde resins were in general prepared according 
to the directions given by Rust (7). The softening points of the resins 
weregreatly influenced by the exact conditions of preparation. Under 
a given set of conditions with a given phenol the order of decreasing 
rate of resin formation for a series of aldehydes is: formaldehyde, 
acetaldehyde, crotonaldehyde, propionaldehyde. We found it desirable 
to use a higher ratio of volatile aldehyde than Rust suggests (7). 

*We are indebted to Dr. J. R. Downing of the Chemical Department, 
Experimental Station, E. I. du Pont de Nemours and Company for the 
infrared curves reported here. 

®We are indebted to Petroleum Chemicals, Inc., Baltimore, Maryland, 
for this material. 

®We are indebted to Dr. Harry L. Fisher of U. S. Industrial Chemicals, 
Inc., for making this material available for our stutfy. 

’The ultraviolet absorption data were supplied by Drs. H. A. Laitinen 
and T. D. Parks. 
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In one series of experiments with p-tert-butylphenol, acetalde> 
hyde was replaced by ethylidene diacetate in the reaction mixture. 
The resin thus produced softened at 155-160° and had a molecular 
weight of about 1900-2000 where the acetaldehyde polymer softened 
at 120-125° and had a molecular weight of 900-1000. 

EXPERIMENTAL 

Preparation of Phenol-Aldehyde Resins 

The procedure used in making the resins was essentially that of 
Rust (7). The following typical directions are those followed in making 
a p-tert-butylphenol-acetaldehyde resin with a softening point of 
90-95°. 

TABIE I. Effect of Water on the Besinification of p-tert-Butyl- 


phenol eind Acetaldehyde 


Phenol. 
moles 

Aldehyde, 
moles 

Water, 

moles 

Temp., 
°C. 

Reaction 
time, hr. 

Softening 
point, °C. 

1.5 

6 

8.5 

140-150 


75-78 

0.5 

1 

2.8 

110-120 

20 

90-95 

1.5 

2 

2.8 

150 

14- 

110-115 

0.5 

0.66 

C 

140 

0.75 

119-123 


A 500-cc. three-necked flask with standard taper connections 
was fitted with a 36-inch Allihn condenser and a glass, motor-driven 
stirrer. In it were placed 75 g. (0.5 mole) of p-tert-butylphenol, 30 g. 
(0.67 mole as acetaldehyde) of paraldehyde, 50 cc. of water, 5 g. (rf 
oxalic acid, and 15 cc. of concentrated hydrochloric acid. The mixture 
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was immersed in an oil bath, heated to 120°, and stirred at this 
temperature for twenty hours. After the reaction had run for several 
hours, 15 g. additional paraldehyde was added. The resin was washed 
several times with boiling water. It was then partially dehydrated by 
heating to 150° under a pressure of 50-100 mm. (water pump). The 
water pump was disconnected, and at atmospheric pressure the 
temperature of the bath was raised to 220-230° gradually during the 
course of about one-half hour. At this temperature the resin was 
very fluid and could easily be poured out on a copper plate where it 
solidified. 


TABUS III. Analytical Data on TypiceJ. Resins 



Theoretical 


Analysij 




empiriceJ. 

Carbon 

Hydrogen 

Typo of resin 

formula 

Calcd. 

Found 

C-tlcd. 

Found 

p-t©rt-Butylphenol“ 

acetaldehyde 

(CxaHigO)^ 

81.79 

81.32 

9.15 

9.09 

p-tert -Biitylphenol- 
p r op i onal.del:\7de 

(CiaHieO)^ 

82 . 0 k 

80.25 

9.53 

9.17 

p-tert-Butylphenol- 
c rot on.aldehyd© 

(Ci 4 Hi 80 )^ 

85.11 

82.70 

8.97 

8.79 

p-C re s ol-f ormaldehyde 

(CsHaO)^ 

80.00 


6.71 

6.55'’ 

p-Cresol-acetaldehyde 

(CsHxoO)^ 

80.55 

79.48 

7.51 

7.60 

p-C re s ol-c rot onaldehyde 
(S.P. 100 - 105 °) 

(CiiHiaO)^ 

82.47 

81.86 

7.55 

7.41 

m -C re s ol - ac e t dld©h:r'’de 

(CsHioO)^ 

80.55 

79.10 

7.51 

7.14 

0-C re s ol - ac e t Jildel'iyde 

(CaHxoO)^ 

80.55 

79.86 

7.51 

7.58 

p-Octylphenol- 

forra.aldehyde 

(CisHzaO)^ 

82.52 

81.56 

10.16 

10.25 


"The microanalyses reported in this manuscript were by Howard Clark 
of the Illinois State Geological Survey. 

*’Ash approximately l .?4 


The rate of reaction and the softening point of the resin were 
greatly dependent upon the amount of water used in the reaction 
mixture. Decreasingthe water concentration reduced the time neces¬ 
sary for resinification and raised the softening point of the resin. 
These effects are illustrated in Table I. 

In some e^eriments in which formaldehyde was condensed with 
an alkylphenol the catalyst was a mixture of zinc chloride and 85% 
phosphoric acid instead of oxalic and hydrochloric acids. Many of 
the resins were made without adding water to the reaction mixture 
other than that contained in the concentrated hydrochloric acid 
catalyst. Frequently, dehydration of the resin under vacuum was 
omitted. If resinification had proceeded until the product was very 
thick, it was simply washed, the washings decanted, the resin heated 
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to 220° and poured. Table n Includes eiqperimental details for each 
resin prepared. The analyses of typical series are in Table m and 
the molecular weights in Table IV. 


TABIX IV. Molecular Weights end Tacklfler Action of Typical 
Beslns 


Type of resin 

Softening 
point, ®C. 

Molecular 
weight ■ 

Tackifier 

rating^ 

Koresin 

130-135 

1046 J 1297 

10 

p-tert -Butylphenol- 
formaldehyde® 

122-140 

773 ; 755 ; 

10 

(Arofene 775 ) 

115-120 

752 

9 

p-tert -Butylphenol- 

acetaldehyde 

75-78 

469 ; 460 

4 


90-95 

494 ; 540 

8 


110-115 

778; 778 

9 


119-123 

844 ; 866 

9 

p-tert -Butylphenol- 

c rot oneildehyde 

80-85 

444 ; 458 

10 

p -C re 6 ol - c rot onaldehyde 

75-80 

429 ; 412 

1 


100-105 

555 ; 584 

3 

o-Cresol-acetaldehyde 

108-113 

769 ; 853 

0 


120-125 

I25O; 1552 

0 

p-Octylphenol- 

formaldehyde 

103-108 

1584 ; 1406 

7 

p - Oc tylphenol - 

acetaldehyde 

80-85 

824 ; 783 

8 

■By the Bast method. Dr. K. J. Deetrbom did much of the experi¬ 
mental work on molecular weights. 


p-tert-Butylphenol'Ethylidene Diacetate Resin 

In a 500-cc., three-necked, round-bottom flask were placed 
50 g. (0.33 mole) of p-tert-butylphenol, 50 g. (0.34 mole) of ethylldene 
diacetate, and 5 cc. of concentrated hydrochloric acid. The mixture 
was placed in a bath heated to 140° for a few minutes and then stirred 
at room temperature for twelve hours, and then again at 140° for 
twelve hours. During the course of one and one-half hours the temp¬ 
erature of the bath was raised to 230°. The mixture was then poured 
on a copper plate and allowed to harden. A light-colored resin which 
softened at 155-160°was the product. Ebullioscopic molecular weights 
in benzene solution were 1965 to 1995. This resin had a tackifier 
rating of 9.’ 


Ultraviolet Absorption Spectra^ 

The ultraviolet spectra were measured with a Beckman quartz 
spectrophotometer. Chloroform was the solvent in all cases and the 
concentrations employed varied from 30 to 60 mg./liter. Resin 
sampleswere dried in vacuo over phosphorus pentoxide before ultra¬ 
violet absorption was determined. The results are given in Table V. 






KORESIN AND RELATED RESINS 


701 


TABIE V. Ultraviolet Absorption Spectra of Synthetic Beslns 


Beslns 

Softening 
pointy ®C. 

Absorption 
peak^ mii 

Specific 

extinction 

Koresin. 

p-tert-Butylphenol-formalde- 

■ 150-155 

280 

12.15 

hyde. 

p -t ert -Butylphenol- acet aide - 

. 115-120 

287 

17.40 

hyde. 

p -1 e rt -Butylphenol -prop i onal de ■ 

• • 90-95 

286 

14.95 

hyde. 

p-tert-Butylphenol-crotonalde- 

..65-70 

284 

14.16 

hyde. 

..80-85 

280 

14.90 

p-Cresol-formaldehyde. 

..90-95 

288 

26.00 

p-C re s ol-ac et aldehyde. 

..85-87 

284 

18.47 

p-Cre s ol-propionaldehyde. 

..70-75 

284 

18.25 

p-C re s ol-c rot onaldehyde. 

.. 75-80 

282 

20.20 

o-Cresol-acetaldehyde. 

. 108-113 

280 

16.58 

m-Cresol-acetaldehyde.. 

p-tert-Octylphenol-formalde- 

. 108-112 

282 

18.65 

hyde.. 

p -1 ert - Octylphenol -acet aide - 

. 105-103 

288 

10.78 

hyde. 

p -1 ert -Oc tylphenol-c rot onalde- 

. .80-85 

282 

11.62 

hyde. 

..55-60 

280 

15.00 


Infrared Absorption Spectra^ 


The records are direct recordings of per cent transmittancy of 
infrared radiation vs. wave length.The wave length assignments written 
on the records may not be accurate to 0.1 /i in some cases but com¬ 
parison by matching records was precise to 0.01/1 . The resins were 
examined as 10% solutions in carbon disulfide. 

Tacklfier Ratings” 

The ratings of some of the new polymers as tackifiers are listed 
in Tables II and IV. The tackifier ratings were determined in accord¬ 
ance with the general method of Smith, Ambelang, and Gottschalk (2). 
The values reported are on samples of GR-S (200 g.) which have been 
milled with 10% of their weight (20 g.) of the resin to be tested as a 
tackifier on a cool 12-inch laboratory mill, and after mixing well the 
mill was heated to 180-200°F.for afinal oneto two minutes of milling. 
The ratings are based on an arbitrary scale in which the tackiness of 
GR-S is set at 0 and that of a 10% mixture of Koresin in GR-S as 10. 

The ratings given in Tables n and rv confirm the earlier reports 
(2) which show that the molecular weight of the resin bears some 
relation to its tackifier activity and that p-alkylphenols yield resins 
which have better tackifier action than those from the corresponding 
o-alkylphenols. 
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Synopsis 

The infrared and tdtraviolet absorption spectra of Koresin are 
very similar to those of an acid-catalyzed p-tert-butylphenol-acetal- 
dehyde polymer. This is believed to be evidence that Koresin has 
Structure I. A variety of phenol-aldehyde resins have been prepared 
for comparison with Koresin. The ratings of some of these materials 
as tackifiers have been reported. These furnish further evidence that 
the molecular weight of a phenol-aldehyde resin is important in its 
tackifying action. An alkaline-catalyzed condensation product of 
acetylene and p-tert-butylphenol shows no tackifying action and has 
no free hydroxyl in the polymer as judged by its infrared pattern. 


Resume 

Le spectre infra-rouge et le spectre d'absorption ultravlolette 
du Koresine sont tres semblables a ceux que I'on obtient au depart 
d*un polymere p-tert-butylphenol et acetaldehyde (condensation 
en milieu acide). Ceci permet d'attribuer au Koresine la structure I. 
Differentes resines k base de phenol et d'aldehyde ont ete prepares 
pour comparer avec le Koresine. La valeur de certaines de ces 
substances comme "Tackifier" ont ete indiquees. Ceci fournet une 
nouvellepreuvequelepoidsmoleculaired’une resine phenol-aldehyde 
joue de r6le important dans le pouvoir "tackifying." Un produit de 
condensation, au milieur alcalin, de I'acetylene et du p-tertiaire- 
butylphenol ne manifeste pas de pouvoir "tackifying" et ne possede 
pas de grov^>es hydroxyles libres dans le polymere, comme il semble 
resulter des spectres infra-rouges. 


Zusammenfassung 

Die inf raroten und ultravioletten Absorptionsspektren von Kor¬ 
esin sinddeneneinesdurch Saeure katalysierten p-Tert-Butylphenol- 
Azetaldehyd Polymerisates sehr aehnlich. Dies deutet darauf hin, dass 
Koresin die Struktur I hat. Eine Anzahl von Phenol-Aldehyd Harzen 
wurde hergestellt, um sie mit Koresin zu vergleichen. Einige dleser 
Substanzen wurden als Klebrigkeits-Verursacher bewertet. Die 
Ergebnisseweisendarauf hin, dass das Molekulargewicht eines Phe- 
nolaldehydharzesin seiner Wirkung als Klebrlgkeitsverursacher von 
Bedeutungist. Ein alkalisch katalysiertes Kondensationsprodhkt von 
Azetylen und p-Tert-Butyphenol ist kein Klebrlgkeitsverursacher imd 
enthaelt, mit Hinblickauf das infrarote Spektrum, keine freien Hydro- 
xylgruppen in dem Polymerisat. 
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Polymers and Copolymers of o-Acetoxystyrene 
and o-Hydroxystyrene * 

C. S. MARVEL and N. SHANMUKHA RAO, 

Noyes Chemical Laboratory, University of Illinois, Urbana, Illinois 


The fact that the polymer obtained from p-tert-butylphenol and 
acetylene In the presence of zinc naphthenate acted as a tackifier for 
GR-S (1-6) suggested to us that a copolymer of o-hydroxystyrene and 
butadiene might have enough tack so that it could be used to improve 
the butadiene-styrene copolymer. 

o-Hydroxy styrene was prepared from o-coumaric acid by the 
method of Fries and Flckewirth (7). This monomer was polymerized 
to a yellow solid by the action of a little benzoyl peroxide and exposure 
to ultraviolet light. Viscosity measurements indicate that this material 
is more highly polymerized than the dimer reported by Fries and 
Fickewirth (7). The infrared spectrum* of this polymer showed a 
band at 337 5 cm.'indicative of the phenolic hydroxyl groiqps and no ap> 
preciableabsorptionfor a carbon-carbon double bond (Figures la-lb). 

Attempts to copolymerize o-hydroxystyrene with butadiene in the 
GR-S recipe (8), in a Redox recipe (9), and in a modified GR-S recipe 
with dodecyl amine hydrochloride as the emulsifier (10) were all 
unsuccessful. 

o-Acetoxystyrene was prepared from o-hydroxystyrene by 
treatment with acetic anhydride (11), and it too failed to polymerize 
or copolymerize with butadiene in the GR-S type systems. Apparently, 
hydrolysis occurred to produce enough inhibitor to stop the polymer¬ 
ization. The residue in the distilling flask when acetoxystyrene was 
distilled did set to a hard, light yellow polymer which had a molecular 
weight of approximately 46,000. 

A terpolymer of o-acetoxystyrene, styrene, and butadiene was 
obtained by treating a carbon tetrachloride solution of the three 
monomers with stannic chloride at 50". A low molecular weight 
([’ll =0.2Sl)benzene-solublepolymerwasobtained. This terpolymer 
gave characteristic infrared bands for phenyl groups at 3058, 1603, 
1505, and 1493 cm."* and a strong carbonyl band at 1765 cm."* indi¬ 
cating that the o-acetoxystyrene unit was present in the polymer 
(Fig. 2). 

This terpolymer was hydrolyzed by boiling its dioxane solution 
with a little hydrochloric acid for several hours. The hydrolyzed 

*This investigation was carried out under the sponsorship of the Office 
of Rubber Reserve, Reconstruction Finance Corporation, in connection 
with the Government Synthetic Rubber Program. 

*We are indebted to Agatha R. Johnson for these infrared spectra. 
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CM«CH| 


INFIUREO AISOKPTIOM SPECTmiM OF 



FOLYMEK 



Figure la 



Figure lb 


polymer was Isolated by precipitation with methanol. The hydrolyzed 
polymer was also soluble in benzene ( [rf] 0.33). The infrared 
spectrum of the hydrolyzed polymer had a strong band at 3450 cm."* 
which is characteristic of the hydroi^l group (Fig. 2). This sample 
of terpolymer was tested as a tackifier for GR-S by Dr. R. F. Dun- 
brook of The Firestone Tire and Rubber Company and was found to 
have a zero rating as compared to a value of 10 for Koresin^ 

EXPERIMENTAL 

o-Hydroxy styrene 

The sample used boiled at 100° at 1 mm.; n^’^'D, 1.5783; d?*'» 
1.0293. 

Anal ysis. * Calcd. for CgHaO: C, 79.97; H, 6.71. Found: C,79.68; H, 
6.91. 


o-Acetoxy styrene 

Thirty grams of o-hydroxy styrene was treated with 51 g. of 
acetic anhydride and 20.7 g. of anhydrous sodium acetate as described 


^We are indebted to Dr. Dunbrook for his permission to quote these 
results. See Smith, Ambelang, and Gottschalk, Ind. Eng. Chem., 38, 
1166 (1946). 

‘Analyses by Clark Microanalytical Laboratory, Urbana, Illinois. 




o-ACETOXYSTYRENE AND o-HYDROXYSTYRENE 705 


by Carr (11). The product weighed 17.5 g. (37%) and boiled at 97-98® 
at 7 mm.; n*®D, 1.5324 and d«® 1.0679. Carr (11) reports b.p. 67-89® 
at 5 mm. 


Analysis. Calcd. for C, 74.05; H, 6.21. Foimd: C, 73.65; 

H, 6.32. 

CH*CHt 

INFtUREO ABSORPTION SPECTRUM OP i"*'*** COPOLYMER 



Poly-o-hydroxy styrene 

To a 13.5-g. sample of freshly distilled monomer was added a 
few crystals of benzoyl peroxide, and the solution was irradiated 
with ultraviolet light for twenty-two days. The highly viscous material 
thus formed was soluble in benzene, chloroform, methanol, acetone, 
dioxane, and diethylene glycol, but very sparingly soluble in carbon 
tetrachloride. A solution in methanol was slowly added to water and 
a solid polymer was precipitated. 

Analysis. Calcd. for (CgHgO)-; C, 79.97; H, 6.71. Found; C, 81.24; 
H, 6.50. 

[sj] , 0.43 (in benzene). If one uses the constants for styrene 
in the Flory (12) equation, this indicates a molecular weight of about 
65,000. 


Poly-o-acetoxy styrene 

The residue in the distilling flask after distilling the o-acetoxy- 
styrene was viscous, and on standing for a week it turned to a light 
yellow solid which was soluble in chloroform and acetone. A 5-g. 
sample was dissolved in 50 cc. of chloroform and poured into 500 cc. 
of methanol. The powdery polymer which precipitated was filtered 
and dried. 

Analy sis. Calcd. for C, 74.05; H, 6.21. Found; C, 72.85; 

H, 6.21. 

hi. 0.35 (in chloroform solution). This indicated a molecular 
weight of about 46,000. 

Attempts to Copolymerize o-Hydroxystyrene with Butadiene in GR-S 

Type Systems 

An emulsion prepared froin 1 g. of jlubber Reserve soap, 33 cc. 
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of water, 0.06 g. of potassium persulfate, 0.1 g. of dodecyl mercaptan, 
2 g.of o-hydroigrstyrene, Sg. of styrene, and IS g. of Phillips research 
grade butadiene was shaken for two hundred and six hours at 50°, but 
no polymer was formed. Using the same emulsion except reducing the 
o-lqrdro:7styreneto0.2g. and increasing the styrene to 4.8 g. gave the 
same result. When 0.02 g. of o-hydroxystyrene and 4.98 g. of styrene 
were used, a conversion of 32% in twenty>one hours was achieved, but 
the product was apparently GR-S. 

When a redox system of Rubber Reserve sosqp 1 g., benzoyl 
peroxide 0.05 g., ferrous sulfate (FeSO^'THgO) 0.1 g., sodium pyro¬ 
phosphate (Na4P,O.,*10H2O) 0.6 g., water 40.0 g., o-hydroxystyrene 
1.0 g., styrene 4.0 g., and butadiene 15 g. was shaken for onehour 
at 50°, no polymer was produced. 

Experiments with a system of dodecylamine hydrochloride 1.0 g., 
water 40 g.,potassium persulfate 0.06 g., dodecyl mercaptan 0.06 g., 
aluminum chloride 0.02 g., o-hydroj^styrene 1.0 g., styrene 4.0 g., 
and butadiene 15g. at 30° for twenty-four hours also gave no polymer. 

Copolymerization of o-Acetoxystyrene, Styrene, and Butadiene 

A solution of 2 g. of stannic chloride, 4 g. of styrene, 1 g. of 
o-acetoxystyrene, and 15 g. of butadiene in 10 g. of carbon tetrachloride 
was placed in a 4-oimce screw-capped polymerization bottle. The 
bottle was rotated end-over-end in a 50° constant temperature bath 
for forty-eight hours. At the end of that time the contents of the bottle 
were slowly poured into 500 cc. of methanol. A white rubbery polymer 
was obtained in 75-80% conversion. The solubility in benzene was 
94-99% (static method), [v], 0.296 (in benzene). The infraredab- 
sorption spectrum of this polymer is shown in Figure 2. 

Analysis. Found: C, 81.79; H, 8.95: ash, 1.43. 

Hydrolysis of the Terpolymer of o-Acetoxystyrene, Styrene, 

and Butadiene 

A solution of 10 g. of the above polymer in 700 cc. of dioxane 
was placed in a flask equipped with a reflux condenser and heated to 
gentle boiling by an oil bath. 

Three 10-cc. portions of 10% hydrochloric acid were added at 
fifteen minute interv^s, and the refluxing was continued for ten hours. 
About half of the dioxane was then removed by distillation imder slightly 
reduced pressure. The remaining hot solution was poured into 800 cc. 
of methanol, and the rubbery polymer which separated was dissolved 
in chloroform and the polymer reprecipitated by pouring this solution 
into excess methanol. The yield of polymer (dried in a desiccator) 
was4.5g. The solubility in benzene was 92-97% (static method), [i;], 
0.33 (in benzene). The infrared pattern is shown in Figure 2. 

This polymer did not increase the tack of GR-S when the two 
were milled together.^ 

^We are indebted to Dr. Dunbrook for his permission to quote these 
results. See Smith, Ambelang, and Gottschalk, Ind. Eng. Chem., 38, 
1166 (1946). 
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Synopsis 

0-Hydroxy styrene did not copolymerize with styrene and buta¬ 
diene in GR-S-type systems. A terpolymer of these three monomers 
was obtained by copolymerizing o-acetoxystyrene, styrene and buta¬ 
diene in carbon tetrachloride solution by the action of stannic chloride 
followed by hydrolysis of the acetate groiqps in the polymer with dilute 
hydrochloric acid in dioxane solution. The polymer thus obtained did 
not improve the tack of GR-S. 


Resume 

L’orthohydroxystyrene ne copolymerise pas avec le styrene et 
le butadiene dans la technique habituelle du GR-S. Un poly mere ternaire 
au depart decestrois monomeres a ete obtenue par copolym^risation 
duorthoacetoxystyrdne,du styrene etdu butadiene en solution dans le 
tetrachloruredecarbone.par I’action du chlorure d'etain tetravalent, 
et saponification ulterieure des groiq)es acetyles du polymerepar 
I'acidechlorhydriquedilue en solution dans le dioxane. Le poly mere 
ainsi obtenue n'ameliore pas "tack" du GR-S. 


Zusammenfassung 

Orthohydroxystyrol formte keine Mischpolymerisate mit Styrol 
und Butadlen in GR-S artigen Systemen. Ein Mischpolymerisat dieser 
dreiMonomerewurdedadurcherhalten,dasseine Loesimg von Ortho- 
azetoxystyrol, Styrol und Butadlen in Chlorkohlenstoff erst mit Zin- 
nchloridbehandeltwurdeunddie Azetatgruppen dann in Dioxanloesung 
mit verduennter Salzsaeure hydrolisiert wurden. Das so erhaltene 
Polymerlsat verbesserte nicht die Klebrigkeit von GR-S. 
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1. INTRODUCTION 

In previous papers (1,?) we have reported on crystallinity 
determinations in cellulosic objects by means of x-ray measurements. 
The technique applied was essentially that introduced by Goppel in his 
crystallinity determinations of rubber (3). We copied his method 
to measure the total amount of radiation involved in each exposure, 
but introduced certain refinements (use of strictly monochromatized 
radiation, correction for incoherent radiation). 

It seemed of interest to investigate whether examination of a 
rubber sample according to our procedure would reproduce Goppel’s 
results and, furthermore, whether the method holds some promise 
for other polymers as well. 

The present paper deals with a preliminary exploration in that 
line. It was also undertaken in view of obtaining some comparative 
data on the course of the diffusely scattered radiation in polymers 
other than cellulose which we felt might help us to a better under¬ 
standing of certain unclarified details observed in the case of cellulose. 
The investigation of entirely "amorphous" polymers and liquids was 
also part of this program, but this part of the subject will be deferred 
to a later paper. The purpose of this publication is merely to draw 
the attention of other workers to the possibilities for the investigation 
of other partly crystalline polymers. 

2. RECAPITULATION AND DISCUSSION OF THE 
METHODICAL PRINCIPLE 

The principle of Goppel’s method in determining the crystallinity 
in rubber was to measure the background intensity of a pailly crystal¬ 
line rubber sample at a suitable diffraction angle where no diffraction 
due to the crystalline component occurs, and then to measure the 
intensity at the same angle for a noncrystalline ("hundred per cent 
amorphous") sample of the same substance. The ratio of the two 
values wouldthen give the fraction of the amorphous component in the 
partially crystallized sample. This is illustrated by Figure 1, where 
a fictitious example of a radial photometer curve is presented showing 
some crystalline peaks superimposed on a diffuse background. In this 

^CommunicationNo. 57 from the Laboratory for Cellulose Research 
of the AKU and affiliated Companies, Utrecht, Holland. 
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case the intensity qr at the diffraction angle 2 9 = a is measured. If 
the broken line represents the corresponding photometer curve of 
the same substance in the noncrystalline state, then qr/pr gives the 
amorphous fraction in the partially crystalline object. The procedure 
implies that a be so chosen that no crystalline peaks can be ejqpected 
at this place and that the substance can be easily obtained in the 
noncrystalline condition. At first sight one might expect that the 
background of the partially crystalline sample could be foimd by 
extrapolating its observed initial part at low angles to higher angles, 
assuming that the ratio of its intensity at these higher angles with 
respecttothe curve of the 100% amorphous sample remains constant. 
The hatched area would then represent the integrated intensity of the 
radiation selectively diffracted by the crystalline portion. However, 
for theoretical as well as for empirical reasons (see below) this 
extrapolation is not justified at high angles of diffraction. Even if 
no crystalline peaks occur at high angles such as j8in Figure 1 it will 
not be allowed to repeat the procedure applied at 2 9 =oc also at 
29 = $. The background intensity at such higher angles as j8 may 
even be, as we found, practically equal for the cryst^line and for the 
noncrystalline sample. One is, therefore, confronted with the difficulty 
that the permissibility of the procedure may depend on the correct 
choice of the angle oc. 




Fig. 1. Fictitious example of the Fig. 2. Another fictitious 
radial photometer curve of the x- curve, 
ray diagram of a polymer. 

In an assumed case, such as shown in Figure ? where crystal¬ 
line peaks appear even at low diffraction angles, it may be difficult or 
impossible to trace the true course of the background, and only if there 
isasufficientlylargegapbetweentwopeaks,asattheangles yand 8 , 
may one hope that the minimum occurring there will be a reliable 
gtiide for tracing the background line. However, it then remains a 
matter of speculation as to whether the relevant angle is still small 
enough to permit application of the procedure referred to above. 

In the case of cellulose we were faced with a similar case. 
Here we have ventured to consider the maximum height of the back¬ 
ground (angle 0 in Fig. 2) as a correct measijj^e of the disordered 
fraction (1,2). Moreover, in cellulose the 100% amorphous represent¬ 
ative is not available. The selective diffraction by the crystalline 
portion (hatched area in Fig. 1) was therefore also measured and the 
final results were computed from the ratios between the relative 
valuesobtainedforthecrystalline and amorphous fractions in samples 
of greatly different crystallinity. The agreement with the values 
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deduced from other physical evidence (1) seems to justify the followed 
procedure with a fairly high degree of probability. 

It is clear that in every single case the most suitable procedure 
for estimating the degree of crystallinity should be scrutinized. The 
present investigation offers some data which may be of help in other 
cases. 

3. REDUCTION OF INTENSITY DATA OBTAINED FROM 
DIFFERENT SUBSTANCES TO A COMPARABLE MEASURE 

Since it was our aim to compare the diffraction behavior of 
different polymers, the observed data should be reduced to comparable 
scale. In this section we shall show how this can be done. 

The samples were x-rayed either in the form of cylindrical 
objects or in the form of approximately plane parallel plates. The 
dependence of absorption on the angular diffraction could be neglected 
for the present purpose (1). The pin-hole system had a diameter of 
0.8 mm. and the entire primary beam passed through the sample. 
Its intensity (after absorption) was measured with the Goppel device 
(1). Let: 

I = the intensity of the beam after absorption in the sample. 

Iq = the intensity of the primary beam. 

I^ = the intensity of the comparison interference within the 
Goppel device. 

the mass absorption coefficient of the substance calculable 
from its atomic composition. 

H- = its linear absorption coefficient. 

P = its density. 

d = the layer of substance (in centimeters) traversed by the 
primary beam. 

The value of the absorption 1/1q = e" was always ejqjerimentally 
determined as earlier described (1) and the value of fid calculated. 
Since fij^ pd = fid, the value of pd could also be calculated. If sam¬ 
ples of the same substance but of different thickness are now to be 
compared, the intensity values measured can all be reduced to a given 
value of pd for which we have arbitrarily chosen the pd value of our 
standardized cellulose pellets from earlier work (1), which amounted to 
0.122 (corresponding to a layer of air-dry cellulose 0.084 cm. thick 
having a density of 1.48). Furthermore, all observations were reduced 
to the value I^ =100 of the comparison interference. 

Hence, if for a given object the values of Ig and pd were deter¬ 
mined, the observed intensities in its x-ray diagram were multiplied 
by 0.122/Ic order to reduce them to equal mass and equal 

intensity of radiation. The total integrated intensity Lq^ of all 
radiation scattered within the chosen range of angular dispersion 
{2d from 7° to 42°) was then always constant within experimental 
error. This constancy is a check on the observations made. 

In order also to standardize intensity measurements obtained 
from different substances the following procedure was followed. 

The atomic structure factors of the coherent radiation and its 
dependence on the diffraction angle were taken from tables given by 
Compton and Allison (4) for each atom involved (C, H, O, and N). The 
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squares of these values (which are proportional to the intensity) were 
plotted against 2B and gr^hically integrated for the angular range 
concerned. 

In order to find the atomic components of the incoherent radiation 
intensity, the squares of the structure factors (also tabulated by 
Compton and Allison) were subtracted from the atomic number. The 
values so obtained were also plotted against 2d and graphically 
integrated. In this way the following atomic intensity factors (given 
in arbitrary units) were foimd: 


c 

H 

0 

N 

Coherent radiation.325 

9.6 

818 

540 

Incoherent radiation... 53 

10.9 

56 

55 

Total radiation.378 

20.5 

87i^ 

593 

For every substance CpHQOj.Ng a reduction factor for total radiation 
R^q^ and for incoherent radiation R| was calculated as follows; 

Rtot. ° (378p + 20.5q 

+ 874r + 593s)/M 


R| = (53p + 10.9q 

56r + 53s)/M 


where M is the molecular weight. 




Table I. Reduction Factors Rtot Total Radiation and R^ 

for Incoherent Radiation and Mass Absorption Coefficients 
for Various Substances 

Material tested 

K 4. 
tot. 



Cellulose (CeHioOs). 

.... k2 

ii.38 

7.78 

Cetyl alcohol (C16H34O). 

.... 31 

5-2 

4.4 

Carbon (C). 

.... 52 

i+.l+ 

4.52 

Sugar CCi 2H220 ii)-• • .... 

.... 1 + 2.8 

h.36 

7.95 

Methyl methacrylate (CsHeCfe). 

.... 58 

4.64 

6.3 

Rubber (CsHb). 

.... 30.3 

5.18 

4.02 

Balcelite resin. 

.... 3 ^ 

4.51 

5.05 

Paraffin (C25H52)1 

Polythene (Cj^Hj^)] 

.... 50 

5-'tl 

3.9 

Water. 

.30.8 

4.33 

10.85 

Hexamethylene sebacamide (Ci6H3oQ2H2) 51 

5.2 

4.4 


In this way the factors listed in Table I were computed and 
used for the standardization of intensity dataf rom different substances. 
In the last column of the table the calculated mass absorption 
coefficients /Ajq are also added. Apartfromthe substances referred 
to in this paper some others which will be referred to later on have 
been included in the table. Standardization of observed intensity data 
from different substances on the basis of the standard sample di- 
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mensionsreferredto above and cellulose as a standard substance, was 
performed by multiplying the Intensities with 0.122 x 42/1^ ^dR^Q^ , 
where 42 Is the Rtot. value for cellulose. 

The correction for Incoherent radiation (see ref. 1), which was 
experimentally determined from diagrams of sugar single crystals, 
was reduced on basis cellulose according to the same formula after 
substituting Rtot. 

Though some objections could be raised against this procedure 
because It was applied to but a limited range of 2 d values, the 
e:)q)erlmental data showed that It must be approximately correct for 
the kind of substances under consideration, since, In all the cases 
Investigated, the value of the total Integrated radiation between 
2B = 8° and 20 = 42° appeared to be constant within about 10% (and 
usually less). This Is also roughly conforming with the experimental 
error for a single observation. 

In this way various photometer curves can be drawn to com¬ 
parable scale and this has proved to be valuable In a comparative 
study of certain details. 

4. RAW RUBBER 

The rubber sample Investigated was from a sheet of Hevea crepe 
rubber stored for 33 years and obtained by courtesy of Prof. A. Van 
Rossem, Delft. Itsdenslty was 0.9471 at 20° and 0.9185 after melting 
(warming up to 80° and cooling to room temperature). The sample 
was x-rayed at 18°C. In the condition In which It was received and 
afterwards while kept at a temperature of 50°C. The value of /»d 
determined from absorption was 0.149. 

Figure 3A shows the two standardized photometer curves 
obtained. The values of Ijq^ found (l.e., the total Integrated Intensities 
on standard basis) were 4.3 and 4.4®, respectively, which checkvery 
well with the value of 4.4 previously found for cellulose (1). As 
previously stated, this demonstrates the correctness of the reduction 
factor given In Table I. 

Following Goppel's procedure, the amorphous fraction In the 
partially crystalline sample was computed from qr/pr at 20 ~ 11°, 
after subtraction of the height of the Incoherent background at that 
angular dispersion (the Incoherent background Is shown by the hatched 
area In Figure 3). Correction for radiation diffracted by air was, of 
course, also made (see ref. 1). 

The crystallinity following from this Is 0.45 with correction and 
0.40wlthoutcorrectlonfor Incoherent radiation. This figure Is rather 
considerably higher than that found by Goppel on the same sample 
(0.23)who used ordinary filtered copper radiation and no correction, 
but not too different, from that found by Arlman (5), who recently 
repeated Goppel's work using monochromatic radiation and also 
accounting for Incoherent radiation. 

The broken line In Figure 3 gives the extrapolation of the 
"amorphous background" for the partially crystalline sample, 
representing the Intensities of the curve of the molten sample 
multiplied by 0.60 (uncorrected value of the amorphous fraction). 
The area between this curve and the observed one with the crystalline 
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peaks then would represent the radiation diffracted by the crystalline 
fraction. However, this will only be true at not too large angles of 
diffraction. Beyond 2B = 30° it becomes doubtful whether this area 
may be thus interpretated, since there are no more peaks detectable 
and since the curve of the entirely amorphous sample and that of the 
partially cxystalline sample practically coincide. This is still better 
demonstrated by Figure 3B giving this part of the films photometer ed 
with a higher sensitivity. (The dotted curve in this figure is also 
dr awn more correctly as 0.4 5 of the cor reeled height of the 50° curve). 

At higher values of 2d the background Intensity is independent 
of the degree of crystallinity. Both the crystalline and amorphous 
fractions contribute to it. 




Fig. 3. Standardized photometer curves of the patterns 
of raw rubber at 18° and 50°(hatched area equals Incor 
herent radiation). Part B represents the lower portion 
of part A, taken with higher sensitivity. 

5. POLYTHENE 

Polythene taken from a commercial film was introduced into a 
very thin-walled capillary (inner diameter 1,5 mm.) and fused under 
vacuum at a temperature of 135-140° to completely fill the bottom 
part of the capillary. Then the capillary was cooled slowly to room 
temperature. Monochromatic x-ray photographs were taken according 
to our standard procedure at 18, 90, 115, and 135°. (The melting 
point of polythene lies at about 120°). Afterwards, the c^illary was 
cleaned and the empty capillary was x-rayed at the same spot. 

The absorption factor, eiqp. - ^d was 0.177 for the capillary 
with polythene and 0.40 for the empty capillary. From this follows 
that for the polythene alone /td = 0.810 and pA = 0.208. 

The photometer curve from the empty capillary (diffractionby 
the glass) was subtracted from those of the polythene plus glass 
curve accounting for the various !(. values observed. The values of 
the total diffracted intensities between 20 3 7° and 2B - 42°, 
standardized according to the procedure indicated in section 3, were 
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found to be 4.25, 4.15, 4.3, and 4.3, respectively, again In satisfactory 
conformity with the value found for cellulose. 

As known from the work of Bunn and Alcock (6) the crystalline 
pattern of polythene gradually disappears on heating to finally make 
place for a diagram similar to that given by other liquids and showing 
a broad band with a maximum corresponding to a Bragg angle slightly 
smaller than that of the most intense line (110) of the crystalline 
pattern. 

Figure 4A shows the standardized photometer curves of the 
polythene taken at 18° and at 135°; Figure 4B shows for comparison 
the curve at the intermediate temperature of 90°. In Figure 4A it is 
seen that the intense 110 peak occurring in the diagram taken at 18° 
is substituted by a much broader band in the 135° diagram and the 
maximum of this band lies at a smaller 2B value. In the diagram 
taken at90°{Fig.4B)thell01ineandtheband both have an appreciable 
intensity and they are not resolved but merge.‘ 



Fig. 4. (A) Standardized photo- Fie. 5. Curves from Figure 4A en- 
meter curves of polythene at 18° larged (taken with higher sensi- 

and 135° (R) The same at 90°. tivity of the photometer). 

It is also seen in Figure 4 A that at small angles the background 
olthe 135° photograph is more intense than that in the 18° photograph. 
The 90°photograph is, in this respect, intermediate between the two. 
On the other hand the background at higher angles beyond the peaks 
is sensibly equal at all temperatures. At about 20 = 40° only, the 
18° curve rises slightly above the 135° curve (compare also the 
enlargedpictureinFigureS). This is conceivable since in this region 
crystallinepolytheneyieldssomeweakerlines (020 among others; see 
the paper of Bunn and Alcock) which are, of course, present only in 
the crystalline specimen. 

Thus we see that, just as in rubber, the gradual disordering 
taking place with rise in temperature does not express itself in the 
background Intensity at angles larger than about 20 = 30. 

Now if we venture to consider the liquid polythene at 135° as 
being in a completely disordered state and to take the intensity of the 
backgrovmdat small angles, for instance, between 20 = 7° and 11° as 
a measure of the disordered or "amorphous" fraction, then we can 

‘For reasons earlier outlined (1) our procedure gives rise to a rather 
considerable £q)parent broadening of x-ray lines (which is however 
irrevalent for the present purpose). The merging of the 110 line and 
the band is therefore accentuated. 
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use an analogous procedure to determine its percentage in the partially 
crystalline states as that applied in xoibber. 

This has been done with the aid of photometer curves taken with 
higher sensitivity. The relevant 18° and 115° curves are reproduced 
in Figure 5. The heights of all the curves were measured at the points 
indicated by A, B, and C lying at 29 8f5 , lOfS, and 12°, respectively. 
Taking into account the corrections for incoherent radiation (which 
were very small only in this region) this yielded the following figures 
for 1-x and x (where x is the crystalline fraction). 


TABLE II. Values of (1-x) and x In Polythene from X-Ray 

Diagram 


Temperature, 
°C. 

A 

(1- 

B 

■x) 

c 

Average 

X 

18 

1*1® 

48 

47 

46 

54 

90 

75 

78 

- 

76® 

?5® 

115 

86 

91 

100 

92 

8 

155 

100 

100 

100 

100 

0 


In Table HI the average x values found are listed together with the 
estimates of Raine, Richards, and Ryder (7) from heat capacity 
measurements and with those from Hunter and Oakes (8) from density 
measurements at different temperatures. The agreement is as yet not 
very satisfactory and more work will be necessary in order to know 
which figures are nearest to the truth. 

TABLE III. Comparison of x Values for Polythene 
Pound by Different Methods 


Temperature, 
°C. 

X-rays 

Heat 

capacity 

Density 

18 


76 

55 

40 

-- 

75 

55 

60 

-- 

70 

55 

90 

2^5 

51 

45 

110 

-- 

17 

25 

115 

8 

0 

10 


It is of interest to study another feature of Figure 4A more 
closely. If the fraction of disordered substance in the 18° sample is 
actually 0.46andif its state of order be the same as that in the entirely 
molten polymer, we can determine its share in the scattering of x-rays 
by drawing a curve having the same shape as the 135° curve but at an 
intensity level 0.46 times lower. This curve is represented by the 
dotted line in Figure 4A. We can then, by subtraction of this curve 
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from the 18° curve, find the actual shape of the crystalline 110 peak. 
The result Is shown in Figure 6.‘ It is seen that a very normal and 
now almost symmetrical curve is obtained, whereas the peak in the 
18° curve of Figure 4A is asymmetrical. It would thus seem that the 
contribution of the disordered portion to the 18° curve actually has the 
shape as represented by the dotted curve and, on the other hand, this 
may be regarded as a justification of the applied procedure. 

The occurrence of a still rather pronounced maximum in the 
curve of the liquid polythene as well as in that of the disordered 
portion of the solid samples indicates that in both there is a certain 
amount of short range order, quite similar to that present in low 
molecular liquid substances. 

The half width value of the "amorphous band" in the 135° curve 
is 2.5 times as large as that of the crystalline 11C peak shown in 
Figure 6. This is of the same order as the bands given by low mole¬ 
cular liquids. 



Fig. 6. Shape of the llO line In 
the crystalline portion as obtain 
ed from Figure 4A by subtraction 
of the background. 


6. PARAFFIN 


It seemed of interest to investigate also a low molecular weight 
paraffin as a counterpart to polythene. To this end we used a com¬ 
mercialparaffinsamplemelting at 55-60°. The same technique was 
employed; the paraffin was enclosed in a thin-walled capillary and 
x-rayed at 18°, 50°, and 65°. The value of pd (after subtraction of 
the glass) was 0.116. The Itot. values at 18°, 50°, and 65° were 
computed to be 4.3, 4.1, and 4.4,respectively. 

The three photometer curves are shown in Figure 7. 



Fig. 7. Standardized photo¬ 
meter curves of a low mole¬ 
cular paraffin (imp. 55-60°) 
taken at 20° and just below 
and above the melting point 


It is seen that the transition from the solid to the liquid state 
involves similar changes in the diagram as observed in polythene. 
A significant difference with polythene, however, is also detected. 
At low diffraction angles, in the region between 20=4° and 10°, very 
little, if any, change in the background intensity is found. In other 


'Since, at high angles, the background is equal at all temperatures 
the dotted curve has been also drawn to end at the same height. 
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words, there Is a significant difference between the molten polythene 
and the molten paraffin in this regard. 

The broad band with its maximum at about 26 = 18°, which is 
present in molten polythene as well as in liquid paraffin, indicates 
that there is a certain amount of low range order in both liquid 
siibstances. Besides, liquid polythene shows a higher degree of 
disordering reflected by the about four times higher background 
intensity at low angles. 

The broad band is common to low molecular liquids. It is 
known that the molecules in such liquids are all but randomly arranged. 
Neighboring molecules do change their relative positions, but on the 
average they are oriented with respect to each other in a way very 
similar to that in the crystalline state. From this point of view 
liquids are not entirely disordered or "amorphous" in the sense likely 
to be attached to this term in solid polymers. Perhaps we may, in a 
sense, consider the liquid polymer as a mixture of an "amorphous" 
and a "liqujd" fraction. From this point of view the crystallinity 
figures computed for the solid polymer as listed in Table III might be 
too low, since the background at 20 = 10° of the "hundred per cent 
amorphous" polymer might still be somewhat higher than that of the 
molten substance. 

7. POLYHEXAMETHYLENE SEBACAMIDE 

The investigation was carried out with two samples kindly 
supplied to us by Dr. C. S. Fuller (Bell Telephone Laboratories, 
Summit, N. J.}. One sample had been rapidly quenched from the melt 
and the other was a sample annealed for a certain time just below its 
melting point in order to obtain a maximum degree of crystallization. 

The pd valueswere determined to be 0.108 and 0.194, respectiv¬ 
ely, and the I^q^^ values of the standardized photometer curves (between 
20 = 7°to 42^4.34 and 4.37. These curves are reproduced in Figure 
8 (Aj and Bj). The difference between the two curves corresponds to 
the relevant description given by Fuller and co-workers (9). 

The quenched specimen shows signs of less perfect order than 
that present in the annealed sample, the two principal peaks being 
resolved in the latter only. The small peak at about 20 = 13° is very 
weakandhasshiftedtoalower 20 value in the quenched sample. This 
interference corresponds to the distance between the planes in which 
the hydrogen bonds lie. Whereas a considerable amount of three- 
dimensional order is indicated by the diagram of the annealed sample, 
that of the quenched sample is indicative of two-dimensional rather than 
three-dimensional order. Order in the planes bearing the hydrogen 
bonds is obviously still well pronounced, but the order in the direction 
perpendicular to these planes is poor. This is a case similar to that 
encountered in regenerated celluloses, where order is also confined 
mainly to the 101 planes in which the hydrogen bonds lie and where 
"recrystallization" consists mainly of improvement of the ordering 
perpendicular to these planes (2). 

In order to obtain some quantitative idea on the proportion 
between ordered and disordered substance, one may venture to sep¬ 
arate the crystalline peaks from the background as indicated by the 
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broken lines In Figure 8. After subtraction of the correction for air 
scattering (dotted line) the background shows a flat maximum lying 
near to the 2d value of the intense peak. 


TABLE IV. Values of I , A and I. . for Polyhexa- 
cr' m tot. •' 

methylene Sebacamide 




I 

cr 


^tot. 

Al 

Quenched 

187 

0.52 


Bl 

Annealed 

226 

0 . 25 ® 

4.57 

After Phenol Treatment 

Ae 

Quenched 

257 

0,19 

4.00 

B 2 

Annealed 

279 

0.21 

4.10 


Following the method of evaluation applied to cellulose (1,2) we 
have tentatively taken the height of this maximum (corrected for 
incoherent radiation) as a relative measure of the disordered fraction 
and the integrated intensity I^r of the peaks above the background as 
a relative measure of the ordered fraction (see Table IV). 

Fankuchen, Bergmann, and Mark (10) have recently shown that 
polyamides can be made more crystalline by a treatment with an 
aqueous phenol solution. 






Fig. 8. Standardized photometer Fig. 9. Standardized photometer 

curves of a quenched (Al) and an curves of the same samples In 

annealed (Bl) sample of polyhexa- Figure 8 after treatment with 

methylene sebacamide. phenol solution. 

Figure 9 shows the standardized photometer curves of x-ray 
pictures taken from the same specimens represented by Figure 8 
after treatment for Iweek at room temperature in a saturated phenol 
solution, then washing away the phenol followed by drying in the air. 
It is seen that the degree of order is considerably increased in 
both cases (11). The resolution of the main peaks is now good in 
either specimen and also the background intensity is smaller than in 
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Figure 8. In the quenched specimen, however, the small low angle 
peak is still less intense than in the annealed one.^ These curves 
were evaluated as those from Figure 8 (using a curve taken with 
greater sensitivity for the determination of Aq^). The results are 
listed in Table IV. All figures are calculated for pd. » 0.122 and 
I{. = 100 on basis cellulose (using the factors given in Table I). In the 
same way as was done in the case of cellulose, we have ventured to 
plot these figures in a nomogram and calculate the "crystalline" 
and "amorphous" fractions from them. The result is shown in 
Figure 10. If the applied method of evaluation is justified all the 



FiR. 10. Crystallinity noBogram 
for polyhexainetiiylene sebacamide. 


points obtainedwhenAjjj is plotted against I,, j. should fall on a straight 
line. Taking the large experimental error into account (1), this is 
practically fulfilled by the observations recorded in Table IV. A 
percentage of crystallinity scale is marked along the straight line 
from which we see that, according to this method of evaluation, the 
specimens in question range between 50% and 70% crystallinity. 

CONCLUSION 

The foregoing experiments seemto show that it will be possible 
for most partially crystalline polymers to get an approximately correct 
idea of their degree of crystallinity (or, say, degree of ordering) from 
x-ray measurements performed on a quantitative basis. Though the 
method of evaluation followed in this Puerto express this crystallinity 
infigures may still give rise to various objections, it has been shown 
beyond doubt that the background intensity when measured at the proper 
diffraction angle and the integrated intensity of the crystalline inter¬ 
ferences occurring below 20 ^ 40° (more or less broad as the latter 
may be) run antiparallel in various samples of a given polymer which, 
on other grounds, may be regarded as representing specimens with 
different degree of crystallinity. 

As the case of the polyamides and also that of cellulose shows, 
there is no fixed correlation between the degree of resolution of 
neighboring interferences or the width of the lines and the total degree 
of order as derived from the aforementioned data (compare Figures 


^It is not clear why the background at high angles is higher in the 
quenched sample. 
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8B and 9B). The "sharpness" of an x-ray diagram taken in the 
common sense does not necessarily give a correct impression of the 
over-all state of ordering in the sample. The investigation should 
be supplemented with quantitative studies of the kind treated of in this 
paper. 

In cases where the lattice of the crystalline polymer contains 
planes in which cohesion is particularly strong (hydrogen bonds), as in 
cellulose and the polyamides, the interference line corresponding to 
the spacing between these planes may show considerable variations 
in intensity and width which are significant in that they reveal impor¬ 
tant differences in degree of order which are not or much less markedly 
expressed in the background intensity or in the integrated total intensity 
of the crystalline peaks. Whereas the latter data stand for the total 
degree of order, the former is bound up with states of two dimensional 
order ("two dimensional crystallinity") which seem to play a consider¬ 
able role in this kind of polymers (see also reference ?). 

It is also of interest that the background intensity at higher angles 
of diffraction (20 > ~ 30°) is not necessarily correlated with the 
degree of crystallinity. Marked differences in background intensity 
found in this region when comparing certain polymers remain to be 
elucidated. 

Finally, we wish to recall that the intensity curves reproduced 
in this paper refer to a plane film. To reduce them to the case of a 
cylindrical film the ordinates should be multiplied by (cos 20 )"*. 
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Synopsis 

The paper deals with a tentative plan to extend quantitative x-ray 
measurements for determining the degree of crystallinity of polymers 
(as used earlier in cellulose determinations), to the investigation of 
rubber, polythene, and a poly amide. Strictly monochromatized copper 
radiation was used. The results show that fuilher work along these 
lines may be promising. The raw rubber sample used was identical 
with one of those Investigated by Goppel and by Arlman. It yielded a 
crystallinity figure higher than that reportedby Goppel, but conformed 
with that found by Arlman. The figures obtained for polythene at 
different temperatures are compared with those derived from density 
and heat capacity measurements by other workers. The degree of 
crystallinity of polythene at room temperature is found to be ~ 55%, 
and in samples of polyhexamethylene sebacamide, previously treated 
in different ways, figures between ** 50 and 70% are obtained. It 
is shown that the possibility of usiAg the backgroimd intensity as a 
measure of the disordered fraction is confined to not too hi^ angles 
of diffraction. A method is described (and experimentally checked) 
allowingforreducingthe curves of intensity distribution as afvmction 
of 2d as observed in various polymers to a comparable scale. It is 
further emphasized that, in polymers where hydrogen bonds play a 
decisive role in intermolecular cohesion, the x-ray results suggest 
that the "crystalline" or ordered fraction may to a considerable 
extent involve states of two-dimensional order. 


Resume 

Get article a pour but d'^tendre les mesures quantitatives aux 
rayons-x % la determination du degr6 de cristallinite des polymeres 
dans I'ltude du caoutchouc, du polythene et d'une polyamide (ainsi 
que cela avait $te pricedemment utilise dans le cas de ia cellulose). 
On utilise une radiation du cuivre, strictement monochromatiqu.i. 
Les resultats s'averent prometteurs pour un travail ult6rieur dans 
la mSme direction. L'Ichantillon de caoutchouc brut examine etait 
le mtme que celui etu'lc prealablement jpar Goppelet par Arlman. 
II a fournit un degri de cristallinite siq)erieur k celui indique par 
Goppel, mais en accord avec la determination de Arlman. Les figures 
obtenues pour le polythene ^differentes temperatures ont ete 
compareesacellesdiduites des determinations de densite et capacite 
calorifi^ue d'autres auteurs. Le degre de cristalliniti du polythene 
a temperature de chambre s* eleve k 55% environ; dans le cas 
d'echantillons de polyhexamethylene-sebaQamide, aupr^alabletraites 
de diffSrentes fagons, on obtient des valeurs de 50 a 70%. On 
montre que la possibility d'utiliser I'intensity de I'arrilre-fond, 
comme une mesure de la partie non-orientee, est limitee a des 
angles de diffraction, pas trop elevls. Une methode est decrite 
(aprds essais exp^rimentaux) permettant de ramener ies courbes 
de distribution d’intensityenfonction de26 il une ychelle comparable 
(observes pour differents polymeres). Les auteurs insistent sur 
le fait que, dans les polymeres, ou les liaisons-hydrogene jouent un 
role important dans la cohesion intermoleculaire, les rlsultats aux 
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rayons-x suggirent que la fraction "crlstalline" ou ordonn^e pent 
comporter des proportions considerables d'un ordre bi-dimensionel. 


Zusammfassung 

Plaene, die quantitativen Roentgenstrahlenmessungen zur Be- 
stimmimg des Kristallinitaetsgrades von polymeren Stoff en ^o wie f uer 
Cellulose frueherangewandt) fuer Untersuchungen von Gummi, Poly- 
aethylenundeines Polyamids zubenuetzen, werdenbesprochen. Reine, 
monochromatische Kupferstrahlung wurde benuetzt. Die Ergebnisse 
zeigen,dassweitere Arbeit in dieser Richtung erfolgreich sein duer- 
fte; die benuetzte Rohgummiprobe war gleich denen, die von Goppel 
und Arlman untersucht wurden. Ein hoeherer Kristallinitaetsgrad 
wurde erhalten, als der von Goppelberichtet^ die Ergebnisse stimmten 
aber mit denen von Arlman ueberein. Die Resultate fuer Polyaethylen 
bei verschiedenen Temperaturen werden mit den Resultaten anderer 
Forscher, von Dichte und Waermegehalt abgeleitet, verglichen, Der 
Kristallinitaetsgrad von Polyaethylen bei Raumtemperatur ergab sich 
als 55%, und in Proben von Polyhexamethylen-Sebacinamid, die 
vorher inverschiedener Art behandelt wurden, ergaben sich Resultate 
von ^ 50-70%. Es wird gezeigt, dass die Moeglichkeit, die Hinter- 
grundsintensitaet als ein Mass der disorientierten Fraktion zu be- 
trachten, auf nicht zu hohe Diffraktionswinkel begrenzt ist. Eine 
Methodewirdbeschrleben (und versuchsweise geprueft) durch welche 
die Intensitaetsverteilungskurve als Funktion von 20, wie in den ver¬ 
schiedenen Polymerisaten beobachtet, in einem vergleichbaren Mas- 
sstabe dargestellt werden kann.Es wird betont, dass bei Polymerisaten, 
in denen Wasserstoffbindungen in der intermolekularen Cohaesion eine 
entscheiden de Rolle spielen, die Roentgenstrahlenresultate darauf 
hinweisen, dass die "krystallinische" Oder geordnete Fraktion groes- 
stenteils zweidimenslonale Ordnung darstellt. 
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The composition of the copolymers of styrene and acens^hthylene 
cannot be determined accurately from combustion data because of the 
close similarity in the elementary composition of styrene (92.3% car¬ 
bon) and acenaphthylene (94.7% carbon). In this respect the system 
resembles the styrene-butadiene copolymers. However, it has recently 
been shownthat measurements of the ultraviolet absorption spectra of 
copolymers of styrene and butadiene can be used to determine the con- 
centrationofoneofthecomponents(l-3). The p-chlorostyrenesystem 
permits of a direct comparison of the spectrophotometric and chlorine 
analysis methods and the results were found to be in good agreement, 
thus justifying the basic assumption that in these two systems the 
specific extinction coefficient of the copolymer at a certain wave length 
varies linearly with the percentage of styrene (or p-chlorostyrene). 

Previously Smakula (4) had concluded that the absorption of 
light inthe near ultraviolet by polystyrene samples of different mole¬ 
cular weight is due to the presence of benzene rings and there is 
virtually no interaction between different benzene rings, i.e., the 
system behaves in this respect as if it were nonconjugated. Close 
inspection of the spectra of the copolymers of styrene and butadiene, 
however, reveals that they do not conform exactly with those which 
would result from the simple superposition of the spectra of poly¬ 
styrene and polybutadiene (1). This leads to some uncertainty in the 
measurement of the styrene content of the copolymers by the ultra¬ 
violet absorption method, but the error is of a low order, being less 
than 3%. The observed slight shift of the wave length of maximum 
absorption 2 m/t ) for the copolymers with respect to polystyrene 
affords qualitative spectroscopic evidence for the formation of a true 
copolymer. 

We have observed that the spectra in the wave length region 
28U-330 m/4 of certain copolymers of acenaphthylene with styrene 
when compared with the spectraof polyacenaphthylene and polystyrene 
Indicate the formation of a true copolymer. The spectra of the co¬ 
polymers containing a small percentage of acenaphthylene differ so 
completely from those of polyacensqphthylene and polystyrene that it is 
difficult to estimate the poly acenaphthylene contents by direct matching 
of the spectra with that from polyacen^hthylene in the manner prev¬ 
iously used by one of the authors (5) for a different purpose. 

The absorption in the wave length range 280-330 m/4 arises 
from the acenaphthylene nucleus. The important observation was 
made that the spectra in this wave length region of the copolymers 
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containing approximately 10% acen^hthylene and 90% styrene is 
practically identical with that exhibited by the copolymer in which the 
styrene is replaced by methyl methacrylate. This is consistent with 
the view that the observed absorption spectra arises from acen^hthy- 
lene grotq[>s interacting amongst themselves and not from interaction 
between acenaphthylene and styrene or acenaphthylene and methyl 
methacrylate groups. 

Under certain conditions (e.g., in the presence of acids) ace- 
ni^phthylene shows a strong tendency to polymerize to the dimer 
(biacen^hthylidene), thus differing in behavior from styrene. Since 
it was thought possible that this tendency of the acenaphthylene groups 
to unite in pairs might persist in the copolymers, the spectra of the 
copolymers have been compared with the spectra of the two forms of 
l,i'-biacenaphthyl. The general resemblance between the spectra of 
the copolymers containing a small percentage of acen^hthylene and 
oneofthebiacenaphthyls is remarkable. This resemblance may be a 
result of the tendency of acenaphthylene groups to occur in pairs in 
the copolymers. 


EXPERIMENTAL 

The acenaphthylene was prepared by the dehydrogenation of 
acenaphthene (6), while the styrene and methyl methacrylate monomers 
were distilled from commercial samples. 

The polymers and copolymers of acensyihthylene (6) were pre¬ 
pared by thermal treatment. Molten acenaphthylene and solutions of 
acens^shthylene in styrene were sealed in evacuated tubes and main¬ 
tained in an oil thermostat at 97 °C. for periods of three to four days. 
In some cases polymerization was initiated by adding 0.5% by weight 
of benzoyl peroxide. In all the cases the polymerization was carried 
to as i>ear completion as possible so that the composition of the 
polymer ^proximates to that of the initial monomer mixture. Since 
unreacted acenaphthylene monomer imparts a yellow colour to the 
solid polymers and interferes with the measurement of the absorption 
spectra of the polymers, the product was freed from unreacted mono¬ 
mers by repeated dissolution in benzene followed by precipitation by 
a large volume of methyl alcohol. 

The preparation of the two forms of l,l'-biacen^hthyl will be 
described by one of us (7) elsewhere. As the molecule contains two 
asymmetric carbon atoms, presumably one form corresponds to the 
racemic mixture and the other corresponds to the meso form. Here 
the two forms will be ref erred to only by the melting points, which are 
168.5‘’C. and 120‘*C. 

Apure sample of benzene (at least 99.9% pure by freezing point) 
was used as the solvent in the measurement of the absorption spectra. 
This hydrocarbon absorbs strongly at wave lengths below 275 mfi but 
can be used as a solvent at a path length of 1 cm. for the range 
280-330 mfL . 

Originally the spectra were obtained by means of a Hilger 
medium quartz spectrometer, using a variable path length cell and a 
hydrogenlamp as light source. Inthiswaythe spectra of two solutions 
could be recorded adjacent to each other and so a direct comparison 
could be made. Subsequently a Hilger Spekker Photometer was used 
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in conjunction with a Hilger Large Quartz Spectrograph. The results 
of these studies have been confirmed and extended by additional meas¬ 
urements with a quartz Beckman Spectrophotometer and the curves 
recorded in this paper were obtained with this instrument. 



WAVE LENGTH, m/i 


Fig. 1. Comparison of spectra of polyacenaphthylene and 
polystyrene with that of the 10 % copolymer. 


RESULTS 

Although there were slight differences in molecular weight 
between the catalyzed and uncatalyzed preparations, the former 
exhibiting lower values, yet the spectra were very similar in the 
range 280-330 lafi . The spectra of the uncatalyzed samples are the 
only ones recorded here. 

The wave length is indicated in aifi , and, in order to use the 
same units throughout, the absorption is expressed as the specific 
extinction coefficient, i.e., by E, where E = D/cl, and D is the optical 
density, c the concentration in grams per litre, and 1 the path length 
in centimeters. 

Figure 1 contains the curves for polyacenaphthylene, poly¬ 
styrene, and copolymer containing 10% of acen^hthylene with styrene. 
All percentages are on the weight basis of the monomers before 
polymerization. To facilitate comparison of the curves different 
scales for E have been used for the polymers and copolymers. 
Obviously the specific absorption coefficient of polystyrene in this 
range is negligible compared with that of the other polymers. 

TABIB I. Comparison of Wave Lengths for Maximum Absorption 


Sample Wave length of absorption maxima 


Polyacenaphthylene. 

Styrene - ac enaphthylene 

..287.5 

295.5 

296.0 

301^.5 

511.0 

518.5 

323.5 

copolymer (90:10) ...... 

Meth^.^! methacrylate- 

. 283.8 

292.3 

295.0 

303.0 

509.0 

317.5 

522.0 

acenaphthylene co¬ 
polymer (90:10) . 

. 285.8 

292.5 

295-0 

303.0 

308.0 

317.5 

522.0 
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The spectraofpolyacen^hthyleneandthe copolymers resemble 
each other in a general way, for example, with respect to the number 
of maxima and minima and their disposition, but the curves show a 
marked difference on the wave length scale as indicated in Table I 
and shown in Figure 1. This shift in the maxima and minima is of 
such a magnitude in the wave length region 300-350 m/i that many of 
the peaks in the absorption curves for poly acenaphthylene coincide with 
the troughs in the curve for the copolymer and conversely. This 
behavior is very apparent on records obtained when the absorption 
spectra are photographed in juxtaposition, using a hydrogen lamp as 
light source. 



I 



ui 


Fig. 2. Spectrum of the copolymer of acenaphthylene with 
styrene compared with that of the copolymer with methyl 
methacrylate. 


The similarity between the spectra of the copolymers containing 
methacrylate and styrene is clearly illustrated by Figure 2 where the 
curves have been plotted on different E scales to avoid confusion. The 
spectra of samples of copolymer which were rich in acenaphthylene 
(60%, 80%, or 90%) resemble the curves for polyacenaphthylene and 
are not reproduced here. 

In an attempt to establish the cause of the shift of the maxima 
in the absorption spectra of the copolymers, the spectra of acenaph- 
thene and the two forms of biacenaphthyl were measured and are 
shownin Figure 3. These curves together withthat of poly acenaphthy¬ 
lene given in Figure 1 represent the spectra of a sequence of mole¬ 
cules with increasing chain length. Similar maxima and minima can be 
traced throughout this series with the possible exception of the rather 
flattened peak at 315.5 m/i in acenaphthene. 

The similarity between the position of the maxima and minima 
in the absorption spectra of the two forms of biacenaphthyl was to be 
expected, but the differences between the relative intensities is 
peculiar, cf. the bands at 322 which have nearly equal E values with 
thebandsat295 m/t where the band from the isomer of melting point 
168.5°C. is strongest. Other solutions made up from the same samples 
confirmed this difference when the absorption bands were directly 
compared. It would thus appear that the ultraviolet absorption spectra 
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of the meso and racemic forms of this compound are different. The 
resemblance between the spectra of the biacenaphthyl (m.p. 120Yr.) 
and the copolymers will be discussed below. 

Figure 4 gives the absorption spectra from 240to 350 m/i of a 
benzene solution of acenaphthylene. The intensity and width of the 
absorption band indicates the desirability of removing imreacted 
monomer from a polymer before examining its spectra. The only 
previous publication of the spectra of this compound appears to be the 
work of Craig, Jacobs, and Lavin (8) on the alcoholic solution. 
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Fig. 3 . Spectra of acenaphthene and of the two forms 
of 1,l'-biacenaphthyl. 


TABLE II. Ratio of the Values of E for Corresponding Maxima in 
the Absorption Curves 


(Values rit the head of the columns for ratio of E are the wave 


lenrths 

of the 

bands 

compared.) 



Substance 

291 

302 

291 

555 

295 

505 

295 298 

30&75 5 ot 75 

298 

311 

322 

Acenaphthene 

1.U8 

1.84 

- 

- 

- 

- 

- 

1 , 1 *-Biacenaphthyl 
m.p. 168.5° C. 

- 

- 

1.51 

1.42 

- 

- 

4.8 

m.p. 120 . 0 'C. 

- 

- 

1.41 

1.61 

- 

- 

5.2 

Styrene-ac enaphthylene 
copolymer 90:10 

- 

- 

1.40 

1.63 

- 

- 

6.0 

Methyl methacrylate- 
acenaphthylene co¬ 
polymer 90:10 



1.40 

1.65 



5.8 

Polyac enaphthylene 





1.34 

1.57 
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Fig. 4. Spectrum of a benzene solution of monomeric 
acenaphthylene. 


DISCUSSION 

As stated in the introduction the similarity between the spectra 
of the two 10% copolymers with styrene or methyl methacrylate 
(Figure 2) suggests that these spectra arise from acenaphthylene 
groups interacting amongst themselves. 

In the 10% copolymer with styrene (7.1 mole per cent acenaph- 
thylene) we should expect 86% of acenaphthylene groups to have styrene 
radicals as nearest neighbors if the radicals combine randomly. 
Recently a number of papers have been published in which the behavior 
of monomers in copolymerization have been discussed (9,10). Two 
maintypesof behavior have been detected although intermediate forms 
exist. Inone (termed ideal, see Wall (11)), the reactivity is indepen¬ 
dent of the terminal groups on the radical, while in the other extreme 
case each radical reacts with the monomer unit of opposite type to 
the monomer group on the radical (e.g., styrene and methyl meth¬ 
acrylate show some tendency to alternate \l2)). If this occurred with 
acenaphthylene and methyl methacrylate it would be expected that the 
majority of acenaphthylene groups in the dilute polymers would be 
sandwiched between methacrylate radicals. U this were the case it 
would be efq)ected that the spectra of the copolymers would resemble 
the spectra of acenaphthene rather closely. Actually the observed 
spectra do not show a very close resemblance, for not only are there 
<^ferences in the wave lengths of certain of the bands, e.g., the 
strongest absorption is at 295 m/i for the polymer and 291 m/t for 
acenaphthene, but also the relative intensities are different as is 
shown in Table II. 

The spectra of 10% copolymers show a marked resemblance to 
that of the lower melting form of biacenaphthyl both with respect to the 
position and intehsities of the maxima, with the possible exception of 
the small maxima at 295 m/t , as comparison of Figures 1 and 2 
and Table n indicates. 

The agreement on the ratios 2^5/303, 295/308.5 is good, but is not so 
close for 295/322 although here the accuracy of measurement is 
probably less because the 322 mfi bands are weaker. 
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The spectra thus appear to Indicate that acen^hthylene groxqps 
tend to occur in pairs in the copolymer; however, the differences be¬ 
tween the spectra of the copolymer, acenaphthene, and one of the bi- 
acenaphthyls may not be sufficient to establish this point, so that ad¬ 
ditional evidence from other sources will be necessary before this 
conclusion can be regarded as proved. 

Quantitative Analysis of Copolymers 

This work was originally undertaken with the object of devising 
a method of estimating acenaphthylene in copolymers. If complete 
polymerization of mixtures of the monomers could be achieved, a 
calibration curve of E for a certain band against acenaphthylene content 
couldbe drawn up and this could be used subsequently to determine the 
percentage of acenaphthylene in an unknown sample. Certain of the 
mixtures proved difficult to polymerize completely, so that this method 
was not attempted. 

TABUS III. Weight Percentage of Acenaphylone in the Copolymers 
Calculated from the Absorption Spectra and Compared 
with Original Monomer Concentration 


Estimated weight ^6 
acenaphthylene 

Wt. io of using absorption bauids 

acenaphthylene gyr j08 or 

in the monomer Other 298 mu 511 mu 

mixture monomer band band Mean 


10 

Styrene 

11.0 

9.3 

10.1 

60 

Styrene 

61.8 

59.2 

60.5 

80 

Styrene 

80.7 

77.9 

19-3 

90 

Styrene 

96.1 

9^.9 

99.5 

10 

Methyl 

methacrylate 

9.8 

8.5 

9.1 


Table ni gives the acenaphthylene content calculated directly 
from the experimentally observed E values with the Beckman instru¬ 
ment at the maxima using poly acenaphthylene as standard and neglect¬ 
ing the shift in wave len^h. 

As in these cases the polymerization was carried as near to 
completion as possible; the values in columns 1 and 5 in Table in 
show that figures of the correct order of magnitude can be obtained by 
means of the ultraviolet absorption spectra. 

We wish to thank Dr. M. H. KhuncUcarfor determining the spectra 
with the quartz Beckman Spectrophotometer. 

The work described in this paper forms part of the program of 
the Chemistry Research Board and is published by permission of the 
Director, Chemical Research Laboratory. 
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Synopsis 

The strong ultraviolet absorption in the wave-length region 
280-330 m/i shown by copolymers of acenaphthylene with styrene or 
methyl methacrylate is due to acenaphthylene residues. The spectra of 
samplesof copolymer containing a small percentage of acenaphthylene 
are different from the spectrum of polyacenaphthylene. As a result of 
the comparison of the spectra of these copolymers with the spectra of 
acenaphthene and with the two forms of l,l'-biacenaphthyl it is con¬ 
cluded that spectra of the copolymers can be explained as arising from 
the presence of pairs of acenaphthylene groups. Finally it is shown 
that the spectra can be used to estimate the acenaphthylene contents 
of the copolymers.. 


Resume 

L'absorption intense, que presentent les copolymeres de I'ace- 
naphtyleneetdu styrene oudu methacrylate de m^thyle dans la region 
ultraviolette du spectre, aux longeurs d'onde 280-330 rap. , est par 
suite des fragments acenaphtyleniques. Les spectres d’echantillons de 
copolymeres, ne contenant qu’un faible pourcentage d'acenaphtylene, 
sont diffirentsdu spectre dupolyacenaphtylene. Par comparaison des 
spectres deces copolymeres avec le spectre de l'acen:q>htene et avec 
les spectres des deux formes du l,l'-bisacenaphtyle, on conclut que 
l'e;q}licatlon des ^ectres des copolymeres reside dans la presence de 
pairesdegroupes acenaphtyleniques. Enfin, les spectres d'absorption 
peuvent egalement 6tre utilises pour evaluer lateneur en acenaphtylene 
au sein des copolymeres. 


Zusammenfassung 

Die Starke ultraviolette Absorption im Wellenlaengebereich von 
280-330 m/i , dieinMisctq>olymerisatenvon Azen:q>hthylenmitStyrol 
Oder Methakrylsaeure Methylester beobachtet wlrd, ist den Azenaph- 
thylenkettengliedernzuzuschreiben;dieSpektren von Mlschpolymeri- 
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satsproben, die einen klelnen Bnichteil von Azenapbtfaylen enthalten, 
Sind von Spektrum von Polyazenaphtylen ver schieden. Durch Verglei- 
che der ^ektren dieser Mlscl^olymerisate mlt dem ^ektrum von 
Azenaphthen und der beiden Formen von l,l'>Blazenaphthyl wird 
geschlossen,dass die Spektren der Mischpolymerlsate durch das Vor- 
handensein von Azen^hthylengriqppenpaaren gedeutet werden kann. Es 
wird schllesslich gezeigt, dass die Spektren zu Schaetzung des Aze> 
naphthylengehaltes der Mischpolymerlsate verwendet werden koennen. 

Received October 27, 1948 
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Determination of Disappearance of Bis-isopropyl 
Xanthogen (“Dixie”) in Synthetic Rubber 
Latex during Polymerization ‘ 

D. R. MAY * and I. M. KOLTHOFF, Department of Chemistry, 
University of Minnesota, Minneapolis, Minnesota 


Bis-lsopropyl xanthogen ("dixie") has been used in the polymeri¬ 
zation of synthetic rubber latex, either alone or with a mercaptan. 
When used alone, dixie is a poor promoter but an active modifier. 
Polymerizations with dixie in the standard recipe without mercaptan 
are poorly reproducible. The rate of conversion depends greatly 
uponthepurity of the chemicals used (especially potassium persulfate 
and soap). Bis-isopropyl xanthogen seems to act both as a chain 
transfer agent and also as a retarder (chain breaker). 

When dixie is used in a recipe with a higher molecular weight 
mercaptan the rate of conversion becomes quite reproducible, although 
dixie acts like a mild retarder in the presence of mercaptan. A 
polarographic method of the analysis for "dixie" in latex has been 
developed and is described in this paper. The disappearance of dixie 
was investigated, employing the "standard" recipe and using dixie 
with a mercaptan. The "standard" recipe was composed of butadiene 
75, styrene 25, "dixie" (variable), potassium persulfate 0.3, so^ 
(S.F. flakes) 5, water 180. 

POLAROGRAPHIC METHOD FOR DETERMINATION OF DIXIE IN 

LATEX 

Dixie is reduced at the dropping mercury electrode. The 
current-voltage curve of dixie in a 90% ethanol-0.1 N sulfuric acid 
medium shows a half-wave potential of about -0.15 volt versus the 
saturatedcalomel electrode, denoted below as S.C.E. andawell defined 
diffusion current at about -0.5 volt. In the above medium a distinct 
maximum is found in the polarogram before the diffusion-current is 
attained. On the other hand, if GR-S latex prepared by the standard 
recipe is coagulated in ethanol and dixie is then added, no maximum 
is observed. A maximum suppressor for dixie in ethanol solutions 
was sought. It was foimd that lauryl disulfide suppresses the maxi¬ 
mum. However, it also appreciably suppresses the diffusion current 
of dixie. 

In GR-S latex prepared with lauryl mercaptan (0.5 part), about 
5% of the mercaptan is oxidized into its disulfide. Thus, if 8 grams 

^This work was carried out under the sponsorship of the Office of 
Rubber Reserve, Reconstruction Finance Corporation, in connection 
with the Synthetic Rubber Program of the United States Government. 
“Present Address: American Cyanamid Company, Bridgevllle, Penn¬ 
sylvania. 
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of GR-S latex is coagulated In 90 ml. of ethanol the disulfide concen¬ 
tration in the solution will be approximately 0.0008%, if the original 
charge contained 0.5% DDM (dodecyl mercaptan). 

The effect of the concn. of lauryl disulfide upon the diffusion cur¬ 
rent of dixie was determined as follows. A solution of dixie having a 
concentration of 15.0 mg. per 100 ml. in a 0.1 N sulfuric acid-ethanol- 
water (10% water) solution was placed in apolarogrs^hic cell, nitrogen 
(saturated with respect to 90% ethanol) was passed through for 30 
minutes, and a polarogram was taken. Successive small amounts of 
lauryl disulfide solutions (in ethanol) were added and polarograms 
taken after nitrogen was passed through. The diffusion currents at 
-0.5 volt (vs. S.C.E.)weremeasuredandare given in Table I, together 
with the dixie concentrations and the (:alculated) ratio of microamperes 
to mg. of dixie per 100 ml. The measurements were carried out in a 
thermostat at 25°C. 

The results show that at concentrations of lauryl disulfide between 
0.0002% and 0.001% constant values of the diffusion current constant 
of dixie are found. The disulfide concentration after coagulation 
according to the recommended procedure in ethanol of a GR-S latex 
prepared with 0.5% DDM is roughly 0.0008% and would seem to satisfy 
the requirement that neither too little nor too much disulfide be present. 
In all the work described below, the lauryl disulfide concentration in the 
unknown solution was kept between 0.0002% and 0.001%. 

After alcohol copulation of latices in which mercaptan is pre¬ 
sent, an anodic wave is obtained at potentials of about -0.1 volt vs. 
S.C.E. in acid solutions. A wave at that point is undesirable. This 
wave was eliminated by the addition of a small amount of silver nitrate 
to precipitate the mercaptan. 

Another difficulty encountered was an anomalous wave due to 
persulfate obtained when GR-S latexwas coagulated in ethanol and the 
solution was made 0.1 N in sulfuric acid and 10% in water. When 
hydroxylamine hydrochloride was added and the solution heated the 
anomalous wave was eliminated. The hydroxyl amine reduces the 
persulfate. 

A great number of unreported experiments has been carried out 
which showed that according to the recommended procedure normal 
dixie waves were obtained and that the diffusion current was propor¬ 
tional to the concentration. 


TABIE I. Suppression of Dixie Diffusion Current by Lauryl Di¬ 
sulfide. Electrolyte: 0.1 N £3804-Ethanol-Water (lO^t 
Water). Readings Taken at -0.5 volt vs. S.C.E. 


Concentration 
of dixie, 
rag./100 ml. 

Concentration of 
lauryl disulfide, 
mg./lOO ml. 

Batio: 

microamperes 
mg. dixie per 100 ml. 


0.0 

0.286 

14.95 

0.1 

0.285 

14.91 

0.2 

0.274 

14.87 

0.5 

0.275 

14.82 

1.0 

0.271 

14.75 

3.0 

0 265 

14.64 

10. 

0.265 
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METHOD FOR POLAROGRAPHIC DETERMINATION OF DIXIE IN 

LATEX 

The following procedure was found to give reliable and repro¬ 
ducible results: 


Reagents Used 

Absolute ethanol 

10 N sulfuric acid 

10% silver nitrate solution 

20% hydroxylamine hydrochloride solution (in water) 

1% lauryl disulfide solution in acetone 

Apparatus 

Measurements were made conveniently with a recording polaro- 
grs^h. TheHeyrovskypolarograph, model XI, was used in the present 
work. 


Procedure 

Coagulate aweighed amount of latex, 5 to 10 grams, by adding it 
dropwiseto 90 ml. of vigorously stirred ethanol. Add with continued 
stirring 1 ml. of 10 N sulfuric acid, 2 drops of silver nitrate solution 
(more if much mercaptan is present), one drop of lauryl disulfide 
solution and after a minute 6 drops of hydroxylamine hydrochloride 
solution. Heat the solution to boiling and boil gently for 2 minutes. 
Transfer to a 100 ml. volumetric flask, add sufficient water to make 
the total water concentration 10% and add ethanol to make the total 
volume 100 ml. (a small error, not greater than 2% is introduced 
hereby not allowing for the volume of the rubber. This error tending 
to msdce the results slightly high is compensated by the slightly 
incomplete extraction.) Place a portion of this solution in the cell, 
pass nitrogen through for 30 minutes to remove oxygen and make a 
polarogram (either manually or with the self-registering apparatus). 
Measure the current at -0.5 volt. The diffusion current is determined 
by subtracting the residual current; i.e,, the current obtained from 
a sample containing no dixie but treated as described above. From a 
previously determined relation between diffusion current and dixie 
concentrationthe dixie concentration in the unknown can be calculated. 

Completeness of Extraction of Dixie from Latices 

The completeness of extraction of dixie from a latex was investi¬ 
gated. Dixiewasaddedtoal2hourGR-Slatexandthe sample analyzed 
for dixie by the method described above. 

TheGR-S latex containing added dixie was prepared as follows: 
A weighed amount of dixie (about 100 mg.) was dissolved in a small 
weighed beaker in 2 ml. of ether, transferred to 100 g. of a regular 
12 hour GR-S latex (prepared at 50°C.) containing no dixie. The mix¬ 
ture was shaken vigorously. The dixie left in the beaker was deter¬ 
mined by drying and weighing. Then by weighing the latex containing 
the ether solution of dixie, the concentration of the dixie in the latex 
was calculated. The ether solution did not coagulate any of the latex. 
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Data concerning the completeness of extraction are given in 
Table II. The results indicate a satisfactory dixie recovery. 

TABIX II. ISxtractlon of Dixie from Latex 


Sample 

Sangple 

veight, 

g* 

Amt. of added 
dixie per g. 
latexy mg. 

Dixie 

recovered, 

mg. 

Dixie 

added, 

mg. 

Dixie 

recovery, 

i 

1 

7.97 

1.010 

7.85 

8.05 

97.5 

2 

9.99 

1.010 

9.62 

10.09 

95.3 

3 

5.50 

.996 

5.65 

5.1^9 

97.2 

k 

6.ks 

.996 

6.11 

6.23 

98.1 


Polymerization with Mixtures of Dixie and a Merc^tan 

Polymerizations were made according to the formula of the 
standard recipe given at the end of the first section, but using mix> 
tures of dixie and a mercaptan. Charges of 100 g. were rotated in a 
thermostat at 50°C. for a specified time, cooled and analyzed for 
percentage conversion and for the amount of dixie and merc^tan 
remaining. 

The percentage conversion was determined by evaporating a 
small sample of the latex to constant weight in a shallow dish at 110°C. 
(using afew crystals of hydroquinone as a short stop). From the weight 
of the residue is subtracted an amount corresponding to the soap 
persulfate, mercaptan and dixie content of the latex. 



Fig. 1. Polynerlzatlon using n- 
octadecyl lercaptan as nodlfler; 

(I) 0.5 part DOM per 100 parts 
■onoier, no octadecyl nercaptan; 

(II) 0.1 part octadecyl nercap- 
tan per 100 parts aononer, no 
DDM; (III) 0.5 part octadecyl 
nercaptan per lOO parts nononer, 
no raiM. 



Fig. 2. Mercaptan consunptlon 
during polynerlzatlon: (I, •) 

0.5 part octadecyl nercaptan per 
100 parts nononer; (1,0) 0.1 
part octadecyl nercaptan per 100 
parts aononer; (ll) 0.5 part DDM 
per 100 parts nononer. 
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Mercaptan was determined by the amperometric titration method 
of KolthoR and Harris (1) with silver nitrate. In experiments where 
octadecyl mercaptan was present, this method was modified slightly. 
Octadecyl mercaptan is only sparingly soluble in ethanol. In n-butanol 
it is very soluble even when diluted with 10% water. Therefore, the 
coagulation of the latex was performed in n-butanol. The percentage 
extraction of octadecyl mercaptan using this method was 98%, whereas 
methanol, ethanol, isopropanol and acetone gave less than 70% extrac¬ 
tion of octadecyl mercaptan from latex. 

Dixie was determined by the method described. 



Fig. 3. Rates of conversion using a mixture of 
0.5 part octadecyl mercaptan and 0.3 part dixie 
per 100 parts monomer (Curve I). Curve II: dixie 
omitted. 

A. Mixtures of Octadecyl Mercaptan and Dixie. Octadecyl mer¬ 
captan is a poor modifier but a good promoter in the standard recipe 
although slightly lower conversions are found than with dodecyl 
mercaptan (DDM). This is evident from the curves in Figure 1 where 
the percentage conversion is plotted against hours of polymerization 
at 50°C. In Figure 2 is plotted the percentage of mercaptan consumed 
against the percentage conversion (cf. reference 1). After 70% con¬ 
version 90% of the octadecyl mercaptan remains unreacted. 

Polymerizations were made according to the standard recipe 
using mixtures of octadecyl mercaptan and dixie as modifiers. Two 
different mixtures were used; 0.5 part octadecyl mercaptan; 0.3 part 
dixie and 0.1 part octadecyl merciqitan; 0.3 part dixie. 

The rates of polymerization with these two mixtures are plotted 
in Figures 3 and 4. Also plotted is the rate of conversion for the same 
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Fig. 4. Rate of conversion using a mixture of 
0.1 part octadecyl mercaptan and 0.3 part dixie 
per 100 parts monomer (Curve I). Curve II: dixie 
omitted. 



PER CENT CONVERSION 


Fig. 5. Modifier disappearance 
using a mixture of 0.5 part oc¬ 
tadecyl mercaptan and 0.3 part 
dllsopropyl xanthogen per lOO 
parts monomer; (I) octadecyl mer¬ 
captan In mixed modifier; (II) 
dixie in mixed modifier; (III) 
octadecyl in absence of dixie. 



Fig. 6. Modifier disappearance us¬ 
ing a mixture of 0.1 part octa¬ 
decyl mercaptan and 0.3 part di- 
Isopropyl xanthogen per lOO parts 
monomer: (I) octadecyl mercaptan 
in mixed modifier; (II) dixie in 
mixed modifier; (III) octadecyl 
mercaptan In absence of dixie. 
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concentration of octadecyl mercs^tan without dixie. In Figure 3 the 
rate of conversion is given with a mixture of 0.5 part of octadecyl 
mercs^tanandO.Spartof dixie (per 100 parts monomers). For com> 
parison, the curve with 0.5 part octadecyl mercaptan alone is also 
given. Itisseenthatdixieretardsthepolymerizationwhichis obtained 
with octadecyl mercaptan alone. This retardation is especially pro¬ 
nounced during the early stages of the polymerization. After 25-30% 
conversion the retarding effect of the dixie disappears. A similar 
result is found in polymerizations carried out with a mixture of 0.1 
part octadecyl mercaptan and 0.3 part dixie, as shown in Figure 4. 



HOURS OF POLYMERIZATION 


Fig. 7. Rate of conversion using 0.5S DDM and varying 
amounts of dixie: (I) no dixie; (II) 0.1 part dixie 
per 100 parts monomers; (III) 0.5 part dixie per 100 
parts monomers; (IV) 2.0 parts dixie per 100 parts 
monomers. 

In additiontothe conversion, the mercaptan and dixie disappear¬ 
ance curves were also determined. These are given in Figures 5 and 
6. It is seen that at the same conversion the dis^pearance of the 
octadecyl mercaptan is slightly greater when dixie is present than 
when it is absent. Dixie disappears very rapidly during the poly¬ 
merization. After 30% conversion only 2% of the ^xie is left. 

B. Mixtures of DDM (Dodecyl Merca p tan) and Dixie. The effect of 
dixie upon the rate of conversion when added to the standard recipe 
charge with 0.5% DDM is very much the same as when the DDM is 
substituted with octadecyl mercaptan. Again the retardation is very 
pronounced during the first 30% of polymerization and thereafter the 
rate of polymerization is almost the same as in the standard recipe 
(see Fig. 7). The degree of retardation increases with the dixie 
concentration. Also, at 30% conversion less than 10% of the dixie 
remains unreacted. As with octadecyl mercaptan, it is found that the 
DDM consumption at the same conversion is greater in the presence 
of dixie than in the absence of dixie (see Fig. 8). 
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Fig. 8. Modifier consunption using a nixed nodlfler 
of 0.5 part DDM and 0.1 or 0.3 part dilsopropyl xan- 
thogen per 100 parts monomer. Modifier vs. conver¬ 
sion curves: (I) DDM curve, no dixie present; (II) 
DDM curve, 0.1% dixie present; (HI) DDM curve, 0.3% 
dixie present; (IV) dixie curve, 0.3% dixie present. 


REFERENCE 

1. I. M. Kolthoff and W. E. Harris, J. Polymer Sci., 2, 41 (1947). 


Synopsis 

Bis-isopropyl xanthogen ("dixie") is a poor promoter, but an 
effective modifier, in the GR-S recipe, as was concluded from unre¬ 
ported intrinsic viscosity measurements. High molecular mercaptans 
are good promoters but very poor modifiers. In recipes confining 
mercaptans as promoters, dixie acts like a retarder until a conversion 
of 30% is attained. After this conversion the rate becomes normal. 
It is found that at a conversion of 30% most of the dixie has been 
dissipated. Bis-isopropyl xanthogen can be determined polarograph- 
ically. A procedure is given for the polarographic determination of 
dixie and the determination by amperometric titration of mercaptan 
when both dixie and mercaptan are prosent in a GR-S latex. Disiyp- 
pearance curves of dixie and of mercaptans are given when both 
modifiers are present in the original charge. 


Resum^ 

Le xanthogenate de bis-isopropyle ("dixie") est un promoteur 
faible,toutefoisunr^gulateurefficacedans le mode de preparation du 
GR-S, ainsi qu'il resulte de mesures de yiscosites intrinslques non 
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publiles. Les mercaptans de poids moleculaire elev^ sont de bons 
promoteurs, par centre, des regulateurs ires faibles. Le "dixie," 
utilise dans des modes de preparation, contenant ^galement des 
mercaptanscomme promoteurs, exerce un effet retardateur, jusqu'a 
I'obtentiond'unrendementde 30%. Au deli de ce dernier rendement, 
la Vitesse devientnormale. Onatrouvequ'ace moment la plus grande 
partie du "dbde" est consommee. Le xanthog^nate de bis-isopropyle 
peut ttre determine polarographiquement. Un precede de dosage 
polarographique du "dixie” est indiqu4, de mime qu'une determination, 
par titrage amperomitrique, du mercaptan, lor sque a la fois le ' 'dixie'' 
et un merc£q>tan sont presents dans un latex GR-S. Les courbes de 
disparition du "dixie" et du mercaptan sont consignees, lorsque les 
deux regulateurs sont presents, k la fois, dans le melange de charge 
Initiale. 


Zusammenfassung 

BiS'Isopropylxanthogen ("dixie") ist ein schwacher Promotor, 
aber einwirksamer Modifikator in dem Buna-S-Rezept, wie aus unpub- 
lizierten Vlskositaets-Zahlmessimgen hervorgeht. Hochmolekulare 
Merkaptane sind gute Promotoren, aber sehr schwache Modifikatoren. 
In Rezepteo, die Merkaptane als Promotoren enthalten, wirkt "dixie" 
als ein Verzoegerer, bis eine Umwandlung von 30% erhalten ist. Spaeter 
wird die Umwandlungsgeschwindigkeit normal. Es wird gefunden, dass 
bei30% Umwandlung der Grossteil des "dixie" .verbraucht ist. Bis- 
Isopropylxanthogen kann polarographisch ermittelt werden. Eine 
Anleitimg zur polarographischen Ermittlung von "dixie" und zur 
amperometrischenTitrierimg von Merkiq>tan—wenn sowohl "dixie" 
als auch Merkaptan in dem Buna-S-Latex enthalten sind—wird angege- 
ben. Verschwindungskurven von "dixie" und Merkaptan werden gege- 
benfuer den Fall, dass beide Modifikatoren im Originalrezepte entha¬ 
lten sind. 
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"Elastomers and Plastomers, Their Chemistry, Physics and Tech¬ 
nology, Volume n, Manufacture, Properties and Applicationsr Edited 
by R. Houwink, Elsevier, New York-Amsterdam, 1949, 531 pp., $9.00. 

Nineteen authors of several nationalities have collaborated in the 
preparation of this comprehensive book. In any text of this type, dealing 
with a variety of somewhat independent facts, it is always difficult to 
arrange an orderly nonoverlapping sequence of ch^ters and sections. 
In this respect the various authors, under the editorship of R. Houwink, 
have been most successful. 

The presentation of the subject is largely factual and there is 
little space devoted to historical or 'popular* discussions. Technical 
information is stressed throu^out the text as in evidenced by many 
patent references and by the liberal use of flow sheets, diagrams, and 
photographs of items of practical interest. 

The contents are separated into thirteen sections: (1) Phenol- 
Formaldehyde Plastomers by Houwink, Phenol-Formaldehyde Plas- 
tomersfor Varnishes, Paints, and Lacquers by C.P.A. Kappelmeier; 
(2) Synthetic Resin Ion Exchangers by A. van Royen; (3) Urea and 
Melamine Resins by G. Widmer andK. Frey; (4) Polymers from Ethyl¬ 
ene Derivatives by H.T. Neher; (5) The Cellxilose Derivatives by V. E. 
Yarsley, H. Kitchen, andW.J. Grant; (6) Protein Plastics, Part I, Pro¬ 
tein Plastics Other Than Fibres by A.D. Whitehead and S. H. Pinner- 
Part II, Fibers from Proteins by C. Diamond; (7)Synthetic Polyamides 
by L.E. Salisbury; (8) Silicone Polymers by J.R. Elliott; (9) Alkyd 
Resins by J.R. Patterson; (10) Natural Resins and Their Derivatives 
by I.C. Clare; (11) Derivatives of Natural Rubber by T. R. Dawson; 
(12) Synthetic Rubbers by W.J.S. Naunton; and (13) Asphalts by R. N. 
Traxler. 

In view of the important practical information contained in this 
text, it is highly recommended to active workers in the field. 

Robert B. Mesrobian 
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"Colloid Science, Vols. I and n." A. E. Alexander and P. Johnson. 
Oxford Univ. Press, London, 1949. 837 pp., $15.00 

Since the appearance of Freundlich's famous treatise, there have 
been only a few general texts stressing the quantitative aspects 
of the science of colloids. The present two volumes by (former) 
members of the Department of Colloid Science at Cambridge represent 
a successfxil effort to produce such a work. It is their purpose "to 
meet the need for a modern treatment of colloidal systems, inter¬ 
mediate in level between the elementary, purely descriptive text books 
and the specialized accounts .... avail^le in monographs and the 
’recent advances’ type of article....’’ 

The presentation is divided into two parts, the second of which 
deals with specific colloidal systems. The first volume starts out 
with an historic survey. There follow chapters reviewing thermody¬ 
namic principles, their application to various pertinent problems, and 
a brief discussion of the Debye-Hiickel Theory and the question of 
stability. More than half of the first volume is devoted to a detailed 
exposition of equilibrium and rate methods for the determination of 
mass, dimensions, charge, etc., of colloidal particles and large mole¬ 
cules and their theoretical basis. The final chapters deal with inter- 
facial phenomena and contain sections on insoluble monolayers, 
adsorbed films and the solid-liquid interface. The special systems 
considered in the second volume are the customary ones except for a 
rather detailed discussion of proteins, a class of substances also 
extensively drawn iqpon for obvious reasons to illustrate general 
methods. There is also a survey of the main types of organic poly¬ 
mers and their behavior in solution. 

Judging from the references included, the manuscript was 
completed in 1946. Some recent and important developments in several 
pertinent topics are therefore excluded. 

It is only natural in a work of this breadth that the reader can 
detect omissions in ref erences and subject matter. One wonders, for 
instance, why more recent studies on solutions of tobacco mosaic 
virus were barely mentioned or why at least a reference to modern 
theories of slow coagulation was not given. Also, in a treatise of this 
kind, one e3q>ects disagreement with the authors’ presentation or con¬ 
clusions on one or another occasion. 

The student versed in physicochemical fimdamentals, without 
being a specialist, will read the majority of the chapters with not more 
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than the customary effort. However, there are some parts where this 
is not true and where the difficulty is not entirely due to the subject 
matter or to the necessity to be brief. For instance, will the unsuspect¬ 
ing reader obtain a clear picture of nonideal rheological behavior? In 
the chapter on solution viscosity, the enumeration of several equations, 
referring (seemingly)tothe samephysical situation, must leave some 
confusion and so will the interpretation of Staudinger's rule, even in 
1946. Similar comments apply to the discussion of light scattering in 
two different places. 

All this, however, does not detract from the intrinsic value of 
these two volumes for the student with the proper background and the 
active research worker wishing to obtain a survey of the potentialities 
of certain methods or the properties of certain colloidal systems. 
Partic\ilarly to these the book is heartily recommended. 

Robert Simha 
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' 'Physics and Chemistry of Cellulose Fibres with Particular Reference 
to Rayon." P. H. Hermans. Elsevier, New York-Amsterdam, 1949. 
556 pp., $7.50. 

This book dealing with the physics and physical chemistry of 
cellulose fibers, develops throughout the gener^ picture of cellulose 
as a three-dimensional mosaic of crystalline regions imbedded in 
amorphous regions with the individual cellulose chains passing alter¬ 
nately through several of these regions. Native and regenerated cel¬ 
lulose fibers are characterized in terms of optical, x-ray, density, 
sorptive, mechanical and fiber-morphology properties, as well as in 
terms of molecular properties, and all of these properties are inter¬ 
preted in terms of the network structure. Methods are given for 
calculating orientation and degree of crystallinity from physical 
properties; however, this part is not easy reading like the rest of the 
book and not all the assumptions on which the calculations are based 
are made clear to the reader. 

The last section covers the production of viscose rayon and the 
properties of the rayon in both the primary gel and final fiber state. 
The discussion of the viscose process is not extensive but it shows 
a keen insight into some of the basic problems of fiber production. The 
discussion of properties concerns largely the mechanism of defor¬ 
mation of the network structure with special emphasis on the effects 
of swelling in making the fiber more rubberlike. 

The Information in this book pertains largely to fields in which 
thtf author has done considerable work and on which he can write with 
authority. The large amoimt of detailed information and extensive 
reference make this book a valuable reference book for technologists 
and students interested in cellulose and other fibers. The reader will 
need to remember that not all significant literature on the subjects 
covered by this book is mentioned because of the unavailability to the 
author of the non-European literatime up to 1947. The lack of infor- 
inationon the chemistry of cellulose prevents this book from being a 
textbook on cellulose. 


W. E. Roseveare 
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Influence of Activated Carbon on Styrene Polymerization 

J. W. BREITENBACH and H. PREUSSLER, First Chemical Institute, 

University of Vienna 


E^qieriments on emulsion polymerization of styrene have 
indicated the possibility that the increase of styrene-water interface 
could play an important role in increasing the rate of polymerization 
(1). It* should therefore be of some interest to study the influence of 
large surfaces on polymerization. Active carbon (2) is used for the 
e;qperiments reported here as a bearer of the most likely ’’organic” 
surface. In particular, Rummel’s experiments (3) on catalysis of 
parahydrogen transformation by active carbon have showed that at 
least in this case the catalytic action is due to the carbon surface 
itself and not to any contaminants. 

For an initial survey, eight different active carbon preparations 
were employed. The carbons were air-dried at 200°C. and placed into 
reaction bottles containing styrene at room temperature, under 
nitrogen. The reaction bottles were then freed of gases and sealed 
in vacuo. 

The styrene samples were polymerized by heating in a constant 
temperature bath for three hours at 90°C. with continuous shaking. 

The determination of polymer yield was rather difficult, since 
the highly dispersed activated carbon adhered tenaciously to the 
polymer. However, a satisfactory separation was usually obtained 
by centrifuging the solutions. In Table I are given the results of these 
experiments. 


TABLE I. Polymerization of Styrene in Presence of Active Carbon 


Sample 

No. 

Source 

Quality 

Polymer 

yield, 

% 

Intrinsic 
viscosity “ 

[n] 

None 

- 

- 


0.20 

1 

"Carbo spongiae” 

Powder 

0.008 

-- 

2 

’Carbo ossium” 
(granulated) 

Fine grained 

0.1b 

« 

0.08 

5 

"Gasraasken kohle” 

Coarse grained 

2.3 

0.34 

k 

’’Carbo sangijiin 
acido depurat" 

Powder 

0.41 

0.07 

5 

- 

Powder 

0.0“) 

-- 

6 

- 

Coarse grained 

0.76 

0.25 

7 

Cane sugar carbon 

Fine grained 

2.4 

0.16 

8 

- 

Powder 

0.24 

0.06 

•Concentration: g./'liter. 
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All the carbon preparations examined decreased the rate of 
polymerization to some extent. Those having considerable retarding 
effects also decreased the intrinsic viscosities of the polymers. On 
the other hand, those carbons which were less effective reducing the 
rate of polymerization produced polymers with higher intrinsic 
viscosities than were obtained in the control polymerization (without 
active carbon). The latter must then be considered to increase the 
average degree of polymerization and to produce a "chain lengthening 
effect." 

TABLE II. Influence of Purification and Shaking Speed 


Treatment of carbcai sample Polymer yield after 

(Carbon No. b. Table l) 3 brs. at 90° C. 

Heated in air at about 200° . 0.2^ 

Heated in hydrogen at about 600° C. O.I 5 

Heated in nitrogen at about 60(fC . O .38 

Heated in air at about 200° C. shaken 

slowly. 0.09 

Heated in air at about 200*0. shaken 

rapidly. 0.09 


In the following more detailed eiqperiments two different carbons 
were used; sample 4 (Table I), which ^ves a typical retarding effect, 
and sample 3, which gives the greatest increase in viscosity. 

Both of these carbons were purified by extracting first with 
water and then - after drying - with toluene. The carbon samples 
were then heated in reaction bottles under high vacuum and freed 
of gases. Styrene was next distilled into the reaction bottles under 
vacuo. All of the oxygen adsorbed at the carbon surface is not 
entirely removed, however, by this treatment. 


TABLE III. PolyinerizatlOTi at 90°C." 


Time of 
reaction, hr. 

Polymer yield, 

i 

Intrinsic 
viscosity,*^ h] 

2 

0.11 

0.05 

5 

0.22 

0.11 

10 

0.40 

0.25 

20 

9.40 

0.41 

*0.2 g. carbon sample 4 with 2 cc. 
'^Concentration: g./liter. 

styrene. 


In order to determine the influence of residual oxygen, e^qperi- 
ments were carried out with a carbon sample which was heated for 
a considerable time at 600°C. under hydrogen before introducing it 
into the reaction bottles. Experiments were also carried out to 
determine the effect of shaking speeds. The carbon samples used 
(Table n) were treated with alkali before extraction. 
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The results given in Table n were chosen as typical as samples 
of a greater number of experiments. Although they show certain 
irregularities, it seems evident that the retarding effect is caused 
by the added carbon and not by adsorbed oxygen or any other contami¬ 
nants. 

TABLE rv. Polymerization at 90° C. with Carbon Sample 3 


Grams of carbon 
sample 3 in 2 cc. 
styrene 

Time of 

polymerizations, 

hours 

Polymer 

yield, 

i 

Intrinsic 

viscosity 

M 

0.2 

1 

0.76 

0.26 

0.2 

3 

1.80 

0.56 

0.2 

5 

1.21 

0.46 

0.2 

7 

2.09 

0.44 

0.2 

10 

6.77 

0.56 

0.1 

0.5 

0.52 

0.21 

0.1 

® C one ent ration: 

1 

g./liter. 

0.68 

0.27 


The next important problems were to specify whether or not the 
observed effects resulted from a catalytic acceleration of the chain 
termination step, or, if the active carbon loses its efficiency during 
retardation; and to compare this action with that of standard retarders 
(qulnones, etc.)present in a homogeneous reaction. For these studies, 
the action of the active carbon was followed throughout a considerable 
period of time. 

The results of Table III clearly indicate that the carbon has 
only a limited retarding effect, which completely disappears after 
about eleven hours. Furthermore, it is observed that as the reaction 

TABLE V. Adsorption of Polystyrene from Toluene 

Concentration of solution. Intrinsic viscosity* 


Sample Temperature, 
No. °C. 

g./liter 

of dissolved polymer 

Before 

adsorption 

After 

adsorption 

Before After 

adsorption adsorption 

5 

50 

7.66 

-- 

mimnsjBiii 


3 

90 

9.92 

10.36 



4 

20 

6.78 

6 . 6 U 

0.163 

0.169 

4 

50 

8.86 

9.20 

0.166 

0.160 

4 

90 

7.60 

7 * 5 ^ 

0.163 

0.166 

* Concent ration; 

g./liter. 





proceeds the carbon tends to increase the intrinsic viscosity of the 
polymer formed until greater values than that for the control poly¬ 
merization are reached (Table m). 

In addition to the retarding effect, it is evident the active carbon 
tends to promote longer chains. To study this lengthening effect, 
several eiqperiments with carbon sample 3 were carried out (Table IV). 
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R may be seen that the lengthening effect, as well as the 
retarding effect, are limited to the earlier times of reaction only. 

The next problem was to determine whether or not the carbon 
is able to react with the "dead*' polymers, since considerable 
adsorption of polymer to the carbon could invalidate the observed 
results. 

An unfractioned polystyrene (intrinsic viscosity 0.17) poly* 
merized at 100°C. was dissolved in toluene and sh^en with two 
active carbons for three hours at various temperatures (Table V). 

It shouldbe noted that the carbon does not increase the viscosity 
ai the "dead" polymers. Also,withinthelimitsof error, no adsorption 
of polymer t^es place. Therefore the viscosity increasing effect, 
as well as the polymerization rate retarding effect, which we have 
observed, must be related only to some form of reactivity of the 
growing "alive" polymer. 


REFERENCES 
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Synopsis 

During a definite polymerization time the rate of uncatalyzed 
polymerization of styrene may be decreased by the use of activated 
carbon. The intrinsic viscosities of the polymers formed may be 
either increased or decreased by the addition of active carbon, 
depending upon the activity of the carbon sample used. 


Resume 

Au cours de la polymerisation du styrene, en absence de 
catalyseur il est possible de faire decroitre la vltesse de polymlr- 
isation enutilisantducharbon actif. Les viscosites intrinsiques des 
polymeres formes peuvent Stre soit augmentees soit diminuees par 
addition du charbon actif, sulvant I'activite du charbon utilise. 


Zusammenfassung 

In elner gegebenen Polymerisationszeit kann die Geschwindigkeit 
derunkatalysiertenStyrolpolymerisation durch aktivierte Kohle ver- 
ringert werden. Die Viskositaetszahlen der Polymerisate koennen 
durch den Zusatz aktivierter Kohle vergroessert Oder verringert 
werden, je nach der Aktivitaet der benuetzten Kohle. 
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CROSS LINKING OF SODIUM ALGINATES BY MUSTARD GAS 

The chemical and physiological properties of mustard gases 
were studied very Intensively during the last war (1,2). These 
compounds are highly reactive, for example, organic sodium salts 
in aqueous solution readily form thio-diglycol esters with mustard 
gas (3). The high reactivity of mustard gases is believed to depend 
on their ability to form unstable three-membered rings (ethylenesul- 
fonium or ethylenimonium ions). The toxicity of these compounds is 
explainedby their reactivity with the functional groiqps of biologically 
Important body substances, especially proteins and nucleic acids 
(1,2,4). 

Di-( y9 -chloroethyI)-sulfide,beingabifunctionalcompound, may 
react with two functional groups either of a single molecule or of two 
molecules. In the case of chain molecules with easily accessible 
reactive groups, cross linking between the macromolecules should be 
possible. A reaction of this type was observed by Elmore et al. (5) 
in their e]q>eriments with nucleic acids. Goldacre, Loveless, and 
Ross (6) have recently advanced the hypothesis that the cytotoxic 
effects of mustard gases are due to cross linking of the chain molecules 
in the chromosomes. According to Lautsch (7) it is possible to bring 
about cross linking between lignin and polyethylenimine by reacting 
them with di-(chloroethyl)-methylamine. 

Cross linking by mustard gas can easily be demonstrated with 
sodium alginates, pectates and pectinates; 



Thio-dlethylene bridge between two alglnlc acid chain molecules 

After addition of mustard gas to dilute aqueous solutions of these high 
molecular compounds a rapid increase in viscosity takes place, and 
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finally primary valence gels are formed. Furthermore, because of 
the r^id hydrolysis of mustard gas, mono-esters and thio-diglycol 
are also produced. Di-epoxides containingtwothree-membered rings 
react in a similar maimer with high molecular acids. Here too, under 
favorable conditions, gel formation can be brought about (8).) From 
the sulfur content of the reaction products and from the amount of 
esterified carboxyl groups it is possible to calculate the number of 
bridges formed. By alkaline saponification the three-dimensional gel 
network is destroyed. 

With increasing degree of esterification of alginic acid (glycol 
esters) and pectic acid (methyl esters, pectins) the tendency to gel on 
addition of mustard gas decreases. Gelification also depends on the 
chain length, as would be eiqiected. This could be shown with different 
preparations of alginic acid obtained by acidic degradation. The lower 
the molecular weight of the alginic acid, the higher the concentration 
must be in order to induce gelification. (A degradation of alginic acid 
by mustard gas could not be detected.) 

TABLE I. Gelification of Aqueous Solutions of Sodium 
Alginates (0.d)() by Increasing Amounts of 
Mustard Gas ^ c of the alginic acid in 
0.05 N NaOH at 20"C.= 6.2?; c = 1 mlllleq./ 

100 cc.) 


Concentration of 

Setting time. 

mustard gas, ^ 

minutes 

0.1 

180 

0.5 

30 

0.5 

10 

1.0 

5 


TABIS II. Gelification of Aqueous Solutions of Sodium Alginates 
of Different Chain Length. (Concentration of Mustard 
Gas 0.22^.) 


T\ c of Na alginates 

Minimum cone, of Na alginate, 
for gelification within 
k hours 

6.23 

0.08 

1.51 

0.61 

1.15 

1.35 

0.77 

2.15 

0.39 

2.46 
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STRETCHING OF DISSOLVED CHAIN MOLECULES BY THE 
INTRODUCTION OF SIDE GROUPS 

The shape of chain molecules In solution is not fixed, due to the 
free rotation of single bonds of the type C-C, C-0, etc. (1), Factors 
which restrict this rotation usually cause a stretching of the molecule. 
Some of these factors are: uncoiling in a streaming solution (2), solva¬ 
tion (3) and electrostatic repulsion between dissociated grotqps within 
the same macromolecule (4). Rotational restriction may also result 
from side groups introduced into the molecule. Stretching of the chains 
can be detected by an increase in viscosity and in birefringence of flow. 
This steric effect canbe demonstrated with aqueous solutions of pectic 
or alginic acid esters containing easily removable side groups. 

Esterification of alginic acid with ethylene oxide yielded the 
glycol monoester (5). The ester was saponified in aqueous solution by 
the addition of NaOH without any degradation taking place. By this 
method different neutral sodium salts with a degree of esterification 
varying between 100% and 0% were prepared. The viscosity of the 
aqueous solutions (Table I) increases with increasing degree of ester- 
ification.This effect isonly slightly diminished at higher temperatures. 
Table I shows that at 20°C. ^gp of the fully esterified preparation is 
nearly three times that of the completely saponified sodium alginate. 
It shouldbe stressed that the observed increase in viscosity is not due 
to a higher solubility of the totally esterified product. Rather, this 
increase in viscosity may be e^qilained by the restriction of rotation 
of the glycosidic Ullages, which occurs on the introduction of bulky 
side groiq)sandcauses stretching of the chain. It is interesting to note 
that the ^dscosity increment of the -CCX>R groups is higher than that 
of the dissociated -COONa groiq)s. 

A similar increase in viscosity has been observed with aqueous 
solutions of methyl (6,7) and glycol esters (5) of pectic acid. It may 
be assumed that a stretching of the chain molecule influences other 
properties too. It is possible that the greater rigidity of the more 
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highly esterified pectin molecviles is partially responsible for their 
better gelling properties. The dependence of the rate of enzymatic 
hydrolysis on the degree of esterification (8) may also be ejqolained 
by assuming that the glycosidic linkages are blocked by the ester 

TABLE I. Specific Viscosities of Aqueous Solutions of Glycol 
Monoesters of Alginic Acid with Different Degrees of 
Esterification (Concentration of the Solutions: 

1.6 miUieq. alginic acid/lOO cc.) 


Degree of esterification^ $ 


"C. 

0 

25 

50 

75 

100 

Specific Viscosities t \ 

sp 

20 

1.29 

1.69 

2.04 

2.90 

3.44 


1.11 

l.l ^2 

1.74 

2.36 

2.69 

60 

0.89 

1.14 

1.37 

1.90 

2,03 

80 

0.72 

0.90 

1.05 

1.34 

1.43 


groups. Not only are the more highly esterified pectins hydrolyzed 
more slowly, but the mechanism of enzymic attack is also different. 
Here the degradation seems to advance from the ends of the chains, 
rather than commencing at random points throughout the molecule. 

Short side groups may be ejqpected to influence similarly the 
shape of other dissolved chain molecules. The high viscosity and 
birefringence of flow of locust bean mucilage (7,9), for example, may 
be caused among other things, by the galactose side groups, scattered 
along the polymannose chain (10). 
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INTERACTION BETWEEN POLYMERS AND FILLERS^ 

In the literature the problem of whether or not the filler 
particles adhere to a polymer is still imder discussion. This point 
is already of interest in the mixing process because here the question 
is resolved to: will the particles clog together or will each of them 
become separately surrounded by polymer only (1). The problem is 
also of paramount interest with regard to the properties of the final 
mixture because upon the interaction depends whether or not a filler 
will have a reinforcing action. This is a key problem especially in the 
rubber industry. 

Essentially, theproblem of dispersing a filler into a polymer is 
of the same type as that of dissolving a polymer in a solvent, and for 
the thermodynamic considerations we know ( 2 ) that dispersing will 
occur if (leaving the entropy factor out of discussion) AU(U = internal 
energy) is negative, that is, heat is liberated. Here the historical 
measurements of Hock and co-workers (3) show that, on mixing rubber 
with carbon black, llgcal.per gram of black (which is of the order of 
1 gcal. per mole) extrapolated to zero concentration, are developed. 
This heat is found to decrease with increasing amount of filler, showing 
that all particles are no longer in contact with the rubber because of 
clogging. It has long been a problem to explain the outstanding rein¬ 
forcing properties of carbon black with the aid of these low values 
found by Hock. 

Smith and Shaeffer (4) showed that the initial heat of adsorption 
between carbon black and C 4 hydrocarbons is of the order of magnitude 
of 15 kcal. per mole, decreasing sharply until about 40% of a mono- 
layer is formed. This indicates that 40% of the carbon black siurface 
is covered with sites of high adsorptive capacity. Between 40 and 
100 % of this monolayer formation the surface appears to be quite 
uniform with regard to adsorptive capacity; at the monolayer the values 
again decrease and approach the heat of liquefaction, ELi of the 
adsorbate. These results are shown in Figure 1. From the data 
obtained it can be derived that the heat of adsorption per CH, group to 
carbon black is about 4 kcal./mole. 

In our opinion these step-by-step adsorption ejqperlments are 
keys to the explanation of the reinforcing action of fillers. They make 
it clear that the integral heat of adsorption measured by Hock never 

^Commimication 108 of the Rubber Foundation, Delft, Holland. 
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could lead to a proper understanding of the fundamental background. 
There may be attractive and repulsive forces on the carbon black 
particle, leading to negative and positive heats of adsorption. What 
Hock measures is the algebraic sum of these values, and so one may 
even find a positive heat (repulsive sites preponderating), although 
adhesion takes place on the attractive ^ots. The measurements of 
Smith disclose the true situation and show that a limited number of 
attractive sites may be responsible for the reinforcing effect. It is 
important to note that part of these sites are of a relatively high 
energy content (15 kcal.), leading to strong bonds. 



Fig. 1. Heat of adsorption between carbon black 
MFC and 1-butene (Qoc.). 

Such sites of high adsorptive capacity may be due to the attrac¬ 
tion by certain atomic groiqis, but there exist also other factors leading 
to selective adsorption, de Boer and Custers (5) showed that in the 
case of adsorption of gases by means of van der Waals' forces the 
gain of energy is maximal when the molecule of the adsorbent can 
make a maximum number of contacts with the surface. Figure 2 
shows the adsorption energies at various parts of a crystal, according 
to calculations by Kossel (6), from which it appears that the values 
in this simple case vary from 0.066 to 0.874, or by a factor of 13. 

In contrast to this stands the adsorption by means of electro¬ 
static forces, where the energy gain is maximal at sharp corners, 
sticking out of the surface. 

If the surface of a normal crystal is observed microscopically 
it appears that no flat surface is actually present (6). Referring to 
the great number of crystallites (7) in a carbon black particle, an 
extremely uneven surface is to be expected here; one black particle 
may contain 1000 crystallites with a length between 15 and 30 A. So 
one may assume a spbctrum of adsorptive forces. This spectrum 
will become still more complicated due to the different chemical 
composition of the surface at various spots. In this respect we refer 
to the presence of H,CH„COH, and COOH groups on one and the same 
carbon black particle. 





LETTER TO THE EDITORS 


765 



0.247 


Fig. 2. Van der Waal's adsorption 
energies at various sites of a 
NaCl crystal. 


Bearing in mind that carbon blackismoreor less a hydrocarbon, 
the conditions for wetting rubber will be favorable, but a less ideal 
situation may be expected for other fillers. However, there is too 
little known to make definite statements; there are even opinions (8) 
that any filler adheres well to rubber if only the right method of dis¬ 
persion is applied and the adsorbed air films can be removed. 

The negative heat of wetting of carbon black eiqplains why im- 
vulcanized rubber becomes insoluble in gasoline when adding black. 
The latter cannot be loosened from the rubber, since a physical bond 
is formed (9). 
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SIDE-CHAIN COPOLYMEIUZATION 

The decrease in molecular weight of vinyl polymers when poly¬ 
merized in the presence of chain transfer agents has been discussed 
at length, and an adequate explanation has been proposed. We will 
discuss here the possible nature of the products that would be obtained 
when the chain transfer agent is itself polymeric in nature. For 
simplicity, we will consider the case of a polymer fraction in which 
all chains are of length D,i.e., each chain contains exactly D monomer 
units of type A. When such a polymer is dissolved in a monomer B, 
chain transfer reactions will take place during the polymerization of B. 
As a result, the A polymer will have side-chain of B attached to it. 

We have derived an expression for the number >fraction, N(r,m), 
of A polymer chains that contain r side chains of combined length m. 

N(r.lii) ' [l -- (l-x)*^]^ ^—pia-r^j.p^r—— 

(D-r))ri (in-r)'(r-l)' 

K isthe chaintransfer constantfor the system, i.e., k^kp, and x is the 
fraction of B polymerized. Thepropagationprobability, p, is the ratio 
of the rate of propagation to the combined rates of propagation, transfer, 
and termination. This quantity does not change appreciably during the 
course of the reaction and has been treated as a constant. 

The number fraction of A chains containing m attached Bgrovq)s 
is then; 

■ 

N(i«) = Z N(r,iii) for i«<D 
r*l 

D 

N(i«) » 2 N(r,in) for in>I) 

r»l 

Finally, if all the A polvmer with the attached side chains is 
separated from monomeric and pure poiymeric B, the moie fraction 
of B in the side-chain copolymer is given by: 

1 - (1 - 

b -- 

2 - p - (1 - 
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By an appropriate choice of materials and concentrations, it 
should be possible toprq>areside>chain copolymers either with a few 
long side chains or many short side chains. 


Turner Alfrey, Jr. 
Charles Lewis 


Institute of Polymer Research 
Polytechnic Institute of Brooklyn 
Brooklyn, N. Y. 
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REVIEW 


’’Elastomers and Plastomers, Their Chemistry, Physics and Tech¬ 
nology," Volume in, "Testing and Analysis:Tabulation of Properties." 
Edited by R. Houwink, Elsevier, New York-Amsterdam, 1948. 174 pp., 
$4.50. 

This book, the third of a three-volume series, discusses the 
testing and analysis of plastomers and elastomers from an entirely 
practical point of view. The theoretical background for most of the 
testing methods described here is presented in Volume I, and the 
discussion of properties in connection with application of the materials 
in Volume H. 

Four authors, imder the editorship of R. Houwink (Netherlands) 
have contributed to the writing of this book. The chapter on Methods 
of Testing is written by J. H. Teeple (U. S. A.) and represents a 
successful endeavor to survey the principal methods employed in the 
United States, Great Britain, Germany, and other countries. The 
chapteronChemical Analysis of Polymers by A. G. Epprecht (Switzer¬ 
land) is treated in a very systematic and complete way. An additional 
feature in this chapter is the rather large amount of original work 
presented by Epprecht necessary to cover this topic completely and 
which may not be found elsewhere. The last two chapters are essen¬ 
tially tabulations of the different properties of elastomers and plasto¬ 
mers derived from work carried out by B.B.S.T. Boonstra and J.W.F. 
van’t Wout (Netherlands) in collaboration with the editor. The elasto¬ 
mers and plastomers are considered as two separate groups in view 
of the fact that they are characterized by different testing methods. 

The book is well organized and contains all the details necessary 
to cover the subject matter. It is highly recommended for purchase by 
industrial polymer chemists, research laboratories, and reference 
libraries. In view of its practical nature, however, it is doubtful if it 
will be attractive to the student of polymer chemistry interested only 
in fundamental details. 


Robert B. Mesrobian 
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REVIEW 


’’Proteins and Life” (Frontiers of Science Series). M. V. Tracey, 
Pilot Press, London, 1948, 154 pp., IGs 6d. 

This book is an excellent introduction for the nonspecialist to 
proteinology, nutrition, chemical physiology, bacterial chemistry, 
and immunology. The text is up-to-date and contains a wealth of facts; 
the concise style makes it easy reading. Methods and theories are 
briefly but adequately e}q)lained, and the illustrations are well chosen. 
The specialist will probably find nothing new in the chapters dealing 
with his own field, but he may be benefited by the other chapters dealing 
with neighboring branches of science. 


C. F. Jacobsen 
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REVIEW 


"The Theory of Solutions of High Polymers." A. R. Miller, Oxford 
Univ. Press, London, 1948, 114 pp., $3.25. 

It is now well known that the behavior of solutions of linear high 
polymers is markedly different from that of solutions of chemically 
an^ogous small molecules, also that these differences can be related 
to the combination of large size and chain structure of the high poly¬ 
mer molecules. In particular, it has been shown (by the reviewer and 
others) that the equilibrium properties of linear high polymer solu¬ 
tions ~ their vapor pressures, osmotic pressures, solubilities, etc.- 
can be approximately deduced theoretically by statistical calculations 
of the entropy of mixing of the components. 

In this book the author gives an excellent presentation of the 
elegant methods of statistical thermodynamics developed by Fowler 
and Guggenheim and their application to this problem. To anyone 
interested in getting to the fundamentals of the subject or in further 
extension of the theory, this is valuable indeed. Inadequacies in the 
simple theory are brought out by comparison of some ejqserimental 
data on rubber and polystyrene solutions with the theoretical results. 
Possible extensions of the theory are discussed briefly. 

This is an important and useful addition to the scientific litera¬ 
ture. It is, however, definitely written for the specialist in statistical 
thermodynamics; most others would find the extensive mathematical 
development not understandable or not interesting. 

The author, publishers, and proofreaders should be commended 
for an especially fine job on the mathematical equations, since it is 
not easy to make sure that characters of the correct nationality 
(Greek, Roman, or Arabic), size, and slope are chosen and placed 
accurately in their proper relative locations. 


Maurice L. Huggins 
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REVIEW 


"TheChemistry and Technology of Enzymes."Henry Tauber, Wiley, 
New York, 1949,558 pp., $7.50. 

This volume represents an expansion of an earlier book by the 
same author, entitled "Enzyme Technology." In the preface, it is 
stated that "this new book contains an iq)-to-date review of enzyme 
chemistry; methods concerning the industrial production of enzymes 
from all known sorces and their uses; the production of all the indus¬ 
trially important organic compounds by fermentation; and microbio¬ 
logical procedures for the quantitative determination of vitamins and 
amino acids." 

Even a cursory examination of the book shows that it falls short 
of accomplishing such ambitious aims. In fact it would be almost 
physically impossible to treat such a vast subject in a detailed manner 
in such a limited space. However, a more serious defect appears to be 
adistinctlackofconsistency and of critical evaluation of experimental 
data which was evident in the earlier book of the author. Thus, on the 
first page, the genes are considered as cyto plasmic units following 
SpiegeimanandKamen, in spite of the fact that the localization of the 
gene in the cell nucleus, and more specifically in the chromosomes, 
is at present generally accepted by practically all workers in the 
field and Spiegelman's hypothesis of "plasma genes" is widely con¬ 
sidered untenable. On the same page, the enzymes are called "the 
agents that supply all living things with energy for work and for bio¬ 
synthesis." While such poorly defined statements may be overlooked 
in a nontechnical treatise, they seem to be out of place in a serious 
treatment of such an important subject. It is one of the basic tenets of 
catalysis and enzyme chemistry that the catalyst does not siq)ply any 
free energy to the system the reaction of which it promotes. There 
are, unfortvmately, many other examples for the inconsistency in the 
treatment of the subject matter such as the sentence on pages 2 and 3; 
"Substances such as glutathione, ascorbic acid, cytochrome, and 
adenylic acid are not catalysts." Further down on the same page, 
cytochrome c is listed as "part of cytochrome c oxidase systems." 
In the same table, it is said that "the cytochromes are carriers of 
electrons. They are not enzymes." A serious omission, in the same 
table, is the failure to list cytochrome oxidase (Warburg’s "respira¬ 
tory enzyme") as one of the iron-porphyrin enzymes. 

No table listing the various pyridinoproteins (enzymes requiring 
coenzymes I andn) is found in the book; the important enzyme uricase 
is not mentioned in the text. 
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REVIEW 


The treatment of the chemistry and action-mechanism of cata¬ 
lase Is also Inadequate; the well-established fact that Its prosthetic 
group is protoheme is ignored. No credit is given to Zeile for the fun¬ 
damental discovery of the hemoprotein nature of this enzyme. It is 
also regrettable that not more than ten pages in Chsqiter XXn are de¬ 
voted to the important subject of the production of enzymes using 
microorganisms, including bacteria and molds. It is well known that 
the large-scale production of enzymes by these means is a carefully 
guarded secret process in industry. The author is, in fact, not in the 
position to shed much light on the subject, and anyone looking to his 
book for detailed information on this point will be more or less dis¬ 
appointed. 


Kurt G. Stern 
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REVIEW 


’’Monomers/’ Editedby E. R. Blout,W. P. Hohenstein, and H. Mark. 
Interscience, New York, 1949, 368 pp., $7.50. 

This book .which is the beginning of a series is an attempt to 
provide a convenient source of information about important monomers. 
Thus, under one heading, may be found procedures for preparation, 
also the purification, storing, handling, physical constants, reactions, 
and other pertinent data. There is no doubt that if the aims of the 
preface are carried out in succeeding series, this type of compilation 
will be of invaluable service to research and development in the 
polymer field. 

This issue covers the monomers: acrylonitrile (Irving Waltcher), 
butadiene (Sylvia Polstein), isobutylene (Pnina Spitnik), isoprene 
(Pnina Spitnik), methyl methacrylate (Richard S. Corley), styrene 
(Sylvia Polstein), vinyl acetate (Paul Fram), and vinyl chloride (Harold 
Shalit). Inmostcases, an attempt has been made to critically evaluate 
which preparation or preparations are actually in commercial oper¬ 
ation. No attempt has been made to evaluate completely or describe 
all the polymerization data concerning each of these monomers and 
this may be desirable as the emphasis is then centered on the prepa¬ 
ration and properties of the monomers, since there are other varied 
sources of collected polymerization data. 

The book has some errors in style. There are inconsistences; 
thus, chemical formulas are sometimes inserted for names in the 
running text. 

As a serviceable source of information, I would recommend this 
compilation for the libraries of any research or engineering group 
engaged in polymer work. 


C. G. Overberger 
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